Ann. Geophys., 24, 86 B¥2 2006 ~ "*
www.ann-geophys.net/24/861/2006/ G Ann_ales
© European Geosciences Union 2006 Geophysicae

Precipitation and total power consumption in the ionosphere:
Global MHD simulation results compared with Polar and SNOE
observations

M. Palmroth®, P. Janhunerf!, G. Germany?, D. Lummerzheim?®, K. Liou®, D. N. Baker®, C. Barth®,
A. T. Weatherwax’, and J. Watermann®

1Space Research Division, Finnish Meteorological Institute, Helsinki, Finland

2Department of Physical Sciences, University of Helsinki, Helsinki, Finland

S3University of Alabama in Huntsville, Huntsville, AL, USA

4Geophysical Institute, University of Alaska, Fairbanks, AK, USA

SApplied Physics Laboratory, The Johns Hopkins University, Laurel, MD, USA

6aboratory for Atmospheric and Space Physics, University of Colorado at Boulder, Boulder, CO, USA
Siena College, Department of Physics, Loudonville, NY, USA

8Danish Meteorological Institute, Atmosphere Space Research Division, Farum, Denmark

Received: 22 July 2005 — Revised: 6 February 2006 — Accepted: 14 February 2006 — Published: 19 May 2006

Abstract. We compare the ionospheric electron precipita- simulation result on the total ionospheric power deposition
tion morphology and power from a global MHD simula- agrees with observations (correlation coefficient 0.8) and the
tion (GUMICS-4) with direct measurements of auroral en- AE index (0.85).

ergy flux during apar .Of substorms on 28-29 March 1998'Keywords. lonosphere (Auroral ionosphere; Modeling and
The electron precipitation power is computed directly from forecasting; Particle precipitation)

global images of auroral light observed by the Polar satellite ’
ultravioletimager (UVI). Independent of the Polar UVI mea-
surements, the electron precipitation energy is determined

from SNOE satellite observations on the thermospheric nitric;  |ntroduction

oxide (NO) density. We find that the GUMICS-4 simulation

reproduces the spatial variation of the global aurora rather retp o recently emerged need to predict the space environ-
liably in the sense that the onset of the substorm is shown ifent requires a quantitative analysis of the global energy
GUMICS-4 simulation as enhanced precipitation in the right ¢ircyation in the solar wind-magnetosphere-ionosphere sys-
location at the right time. The total integrated precipitation (o The first energy input-output analyses developed in
power in the GUMICS-4 simulation is in quantitative agree- tne 1980's (e.g. Akasofu, 1981; Vasyliunas et al., 1982) de-
ment with the observations during quiet times, i.e., beforeemined qualitatively the most important factors in the so-
the two substorm intensifications. We find that during active |5, wind governing the energy transfer and dissipation pro-
times the GUMICS-4 integrated precipitation is a factor of 5 cesses. However, a substantial amount of new information
lower than the observations indicate. However, we also findh 45 pecome available as the space-borne measurement sys-
factor of 2-3 differences in the precipitation power among ems have become more sophisticated and the ground-based
the three different UVI processing methods tested here. Th%ystems have been extended to world-wide networks. Conse-
findings of this paper are used to complete an earlier obyyently, more recent studies (e.g. Lu et al., 1998; Tanskanen
jective, in which the total ionospheric power deposition in gt 5. 2002) have shown that the quantitative picture of the
the simulation is forecasted from a mathematical expressiongnergy transfer and dissipation is still not clear. For instance,
which is a function of solar wind density, velocity and mag- j, the 1980's it was thought that the ring current would be the
netic_fi_eld. We find that during this event, the qorrelation largest energy sink within the magnetosphere, and that the
coefficient between the outcome of the forecasting expresionosphere would only contribute to the details of the global
sion and the simulation results is 0.83. During the event, theenergy budgetAkasofy 1981). On the contrary, the current
understanding is that from the total energy distributed in the
Correspondence tdvl. Palmroth ionosphere and the ring current, the ionosphere absorbs up to
(minna.palmroth@fmi.fi) or over 50% both during storms (e.g. Lu et al., 1998; Baker et
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862 M. Palmroth et al.: Assessing ionospheric precipitation

al., 2001; Pulkkinen et al., 2002) and substorifenskanen  power results obtained hgstgaard et ali2002h using the
etal, 2002. AE index in order to provide an estimate of the auroral flux.
Two main processes deposit solar wind energy in the iono-  Slinker et al.(1999 were the first to use a global MHD
sphere: Ohmic (Joule) heating caused by the ionospherisimulation for studying the electron precipitation character-
closure of field-aligned currents, and the thermal energyijstics. They found generally lower deposition rates as com-
which is left to the ionosphere as electrons from the mag-pared to estimates from global imagers and the Defense Me-
netosphere precipitate to the ionosphere and collide with atteorological Satellite Program (DMSP) spacecraft. Later,
mospheric particles. Of these, the Joule heating is thought t®almroth et al(20043 studied the ionospheric total energy
be the larger sinkLu et al. (1998, for example, estimated dissipation including both Joule heating and electron precip-
that~20% of the total energy consumed by the ring currentitation during a storm and a relatively minor substorm using
and the ionosphere would be due to precipitating electronsanother global MHD simulation (Grand Unified Magneto-
The energy related to the electron precipitation affects thesphere lonosphere Coupling Simulation, GUMICS-4). They
global energetics both directly and indirectly, since togetherfound that in the simulation the temporal variation of the total
with the solar EUV radiation the precipitation determines integrated precipitation power follows that of tAeE index.
the ionospheric conductivity structure and therefore affectsThe level of total integrated precipitation power in the simu-
the global electric field (e.g. Kamide and Richmond, 1982).lation ionosphere was found to be lower than @sgaard et
Hence the electron precipitation also affects the morphologyal. (20023 proxy. As similar conclusions applied to the total
and magnitude of global Joule heating. Thus, a thorougtintegrated Joule heatingalmroth et al(20043 fitted the to-
understanding of the structure and magnitude of the auroraial ionospheric dissipatioRionospherdJoule heating plus pre-
energy flux is required in order to arrive at a quantitative es-cipitation) computed from the simulation to the solar wind
timate of the ionospheric total energy deposition. density p, velocity v, and the interplanetary magnetic field
As will be explained in Sect?, auroral light provides a (IMF) z component using a power law dependence, given by
diagnostic tool to study electron precipitation and the re-

lated energy flux. The auroral luminosity is produced as the a b d
. . . . . . . 1Y v Bz,IMF
atmospheric particles excited in collisions with the precip- Pionosphere= C <—) (—) |:ex <—>] , (1)
itating magnetospheric electrons return to the ground state po vo V21opdyn
releasing the extra energy as photons. Therefore, auroral
brightness is related to the flux and energy of the precipitatwhere p,,,=pv? is the solar wind dynamic pressure. The
ing electrons and can thereby be converted to auroral energfjtting yielded similar values~0.8, ~2.8, and~—2) for
flux characteristics. This can be done either using groundthe exponents:, b, andd, respectively, in different types
based all-sky cameras using visible lightaghunen2001),  of events; antpo=m ,-7.3-10° m—3=1.22102kgm~3 and
or from space-borne global imagers using ultraviolet (UV) vo=400 km/s were chosen as typical solar wind density and
wavelengths (e.g. Lummerzheim et al., 1991; Germany ewelocity to obtain units of Watts for the constaéit As
al., 1997; Liou et al., 2001). The imagers on polar orbits the right-hand-side of Eq1) agreed with the simulation re-
currently provide the only means to examine the precipita-sults with more than an 80% correlation coefficient and, on
tion characteristics on global scales with high temporal resothe other hand, as both componentsRynospherewere in-
lution. dependently in temporal agreement witl-proxies, Palm-
The auroral electron energy flux can also be directly measoth et al. (2004a, b) argued that EG) €an roughly pre-
sured by observing the electron energy spectra on low-dict the temporal behavior of ionospheric power dissipation
altitude satellites (e.g. Hardy et al., 1987; Newell et al., as determined by tha E-proxies. It was also argued that if
1996). Direct measurements have the disadvantage that thene scaled the GUMICS-computed total ionospheric power
energy spectra are obtained only on the spacecraft path, armbnsumption to correspond with observational values, i.e.,
therefore global precipitation patterns can be studied onlyif Eq. (1) was “calibrated”, it could predict the ionospheric
statistically over longer time periods. One of the largest andpower consumption correctly, both temporally and in mag-
most widely used statistical analyses of the electron precipiitude. Hence, the power law might find use even in space
tation was carried out bijardy et al (1987, who organized  weather forecasting.
the precipitation characteristics by tiig, index. Based on The calibration of Eq.1) includes two subjects: determin-
theHardy et al (1987 statistics, on average the electron pre- ing the capability of GUMICS-4 to reproduce ionospheric
cipitation: 1) occurs in the nightside oval, more poleward Joule heating and electron precipitation. The calibration con-
(equatorward) foiK ,<2 (K,>5); 2) varies smoothly over cerning Joule heating was successfully carried out earlier
longitude for smallk ,, but appears as hot spots for increas- (Palmroth et al.2005. This paper has two scientific ob-
ing K ,; 3) deposits<1 mWm 2 (>4 mWm 2) on average at  jectives: 1) to compare the precipitation morphology and
the oval for small (largeX,. Similarly, theAE index has  energy characteristics computed from the GUMICS-4 sim-
been used to characterize the precipitation power. For examdlation with direct measurements of auroral energy flux, and
ple, @stgaard et al(20023 fitted the electron precipitation 2) to complete the calibration of Eql)( We simulate one
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event and compute the precipitation power in the simula-2.2 Nitric oxide measurements
tion ionosphere. On the other hand, the total integrated au-
roral power is estimated using the global ultraviolet imagerAlong with the auroral emissions, the electron precipitation
(UVI) onboard the Polar satellite. Independent of the Po-causes production of NO in the thermosphere. The lifetime
lar measurements, we compute the average auroral powef the auroral region NO is-1 day Barth et al, 2001), and
using nitric oxide (NO) density measurements onboard thetherefore the NO produced by the nightside electron precipi-
Student Nitric Oxide Experiment (SNOE) satellite. Further- tation can be monitored in the dayside by an instrument ob-
more, we compare the simulation results to the statistics oferving the fluorescence of NO caused by the UV sunlight.
auroral power using thelardy et al.(1987) results. The pa- Such an instrument is the Ultraviolet Spectrometer (UVS)
per is organized as follows: Segtintroduces the measuring onboard the Student Nitric Oxide Explorer (SNOE) satellite.
techniques of auroral power as well as the GUMICS-4 globalBarth et al.(2004 reported on a method (hereafter referred
MHD simulation. Sectior8 describes the simulated event as to as the Barth method) with which the electron precipitation
seen from the solar wind measurements and ground magnérecessary to produce the NO density observed by SNOE can
tometers. SectioA presents the results of the total integrated be calculated by using a time-dependent thermospheric NO
auroral power, spatial distribution of the auroral energy flux, model Bailey et al, 2002 including neutral and ion photo-
and the average of the auroral energy flux using the globathemistry, and vertical diffusion. The model assumes that
imagers and SNOE measurements. Finally, Semmpletes  electron precipitation having a mean energy of 4 keV takes
the paper with our discussion and conclusions. place in the nightside (18:00—06:00 MLT). The calculation is
iterative: first an estimate of nightside electron flux is com-
pared to the observed daily average of the NO density, af-

2 Assessing auroral power: techniques and models ter which the ratio of the observation to the estimate is used
to update the estimate. The iteration is typically carried out
2.1 Global imagers 5 times to obtain the electron flux that departs from the ob-

served NO density by less than 1%.
In the upper atmosphere, precipitating magnetospheric elec- Because the major loss mechanism of NO is photodisso-
trons excite the dominant neutral species, i.e., atomic oxy<iation occurring in the dayside thermosphere, most of the
gen and molecular nitrogen, which then emit auroral light asNO produced by the nightside electron precipitation decays
the atoms and molecules return to their ground states. Abnly after the Earth rotates to bring the location of produc-
UV wavelengths the auroral emissions can be globally pho+ion to the dayside. Throughout the dark sector, the location
tographed with satellite UV imagers, such as that onboarcf production gains more NO as long as electron precipi-
the Polar spacecrafférr et al, 1995. Along with two oxy- tation is taking place. Thus, the SNOE observation of the
gen lines, UVI measures two molecular nitrogen lines in theNO is essentially an integration of the NO production that
Lyman-Birge-Hopfield (LBH) bands centered approximately has been taken place on the nightside. Zonal thermospheric
at 150 nm (LBHs) and 170 nm (LBHI). Since the emission in winds transfer NO from the location of production to some
the LBH bands is due solely to electron impact excitation, inextent, but do not severely affect the measurements, because
the absence of solar EUV flux the spectral brightness in thehe speeds of these winds are typically only a few meters
UVI image for LBH bands gives direct information of the per second at auroral latitudg=ufler-Rowel| 1995. As the
incident electron flux (provided that there is no UV absorp- time constant of decay of NO is1 day, the~12h in sun-
tion between the emission altitude and the observing spaceshine is not enough to totally clear out the thermosphere of
craft). In reality, some absorption exists, and the main ab-NO, and hence some of the measured nitric oxide may have
sorption mechanism is the Schumann-Runge absorption bjeen produced the night before or even earlier. However, as
Oy, which is significant at altitudes below150km where  the Barth method estimates the electron precipitation neces-
O, is abundant, and therefore it affects only the emission ofsary to explain the production of NO by comparing to the
higher energy electrons (e.g. emission in LBHs band) reacheaily average, this effect should be taken into account.
ing this altitude. The longer wavelength and lower energy
LBHI emission is virtually independent of the Schumann- 2.3 GUMICS-4 global MHD simulation
Runge absorption, and therefore the intensity of the LBHI
emission is used in determining the energy flux of precipi- GUMICS-4 Janhunen1996 is a global MHD simulation,
tating electrons. On the other hand, the ratio of the altitude-which solves the ideal MHD equations in conservative form
dependent LBHs emission to LBHI emission in simultaneousin the solar wind and in the magnetosphere. The MHD sim-
images gives information concerning the mean energy of theulation box in theXsgsg direction reaches from 3R to
incident flux. As both the LBHs and LBHI emission origi- —224Rg, theYgsg and Zgsg directions reacht64 Rg. In
nate from nitrogen emissions, their ratio does not depend otthe near-Earth region the MHD simulation box is limited by
compositional changes in the atmosphdBermany et aJ.  a 3.7Rg spherical shell, which maps along the dipole field
1998. to approximately 60in magnetic latitude. The grid in the
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a Maxwellian source population having the magnetospheric

_ 10 @ I I ' ' ' ' density and temperature; and a finite probability to fall into
= A/"M N the loss cone. The equation for the electron precipitation en-
- IMF z L\/"'J ergy flux eprec, @assuming that the parallel potential drop is
02:15UT zero, is given by
-10 ] ] ] ] ] ]
_ 5 (b) I I I I I I I I
E. 0 €prec = , | ine Tes/z, (2)
TMe
-5t IMFy
-10 | | | | | | | | wherems, is the electron mass and the electron temperature
__ 550 T T T T T T T T T, is calculated from the ion temperatufeof the MHD fluid
é 500 © by assumingdl,=T; /4. The ionospheric calculation further
=, Www includes the determination of Pedersen and Hall conductivi-
450 Velocity ties from electron density modulated by the precipitation and
400 ) | | | | | | | solar EUV radiation. Together with the conductivities, the
6 T T T T T T T T field-aligned currents determine the ionospheric electric po-

[1/cc]
N

C) tential, which is mapped back to the magnetosphere, where
it is used as a boundary condition for the MHD equations.
D Further information on the code structure and performance

2 erl15|ty T T T T can be found, e.g. in Palmroth et al. (2001; 2004a).
_ ) (e) I I I I I I I I
B 3 28-29 March 1998: event description
[
1} pressure The Wind spacecraft, located at (230, —22, Rg)in geocen-

1 1 1 1 1 1 1 1
20 21 22 23 00 01 02 03 04 05

UT Time of March 28-29, 1998 [hrs]

tric solar ecliptic (GSE) coordinate system, recorded a south-
ward turning of the IMF at 22:27 UT after several hours of
northward orientation (Figla). The IMF B, rotated rela-
] ] N tively smoothly from north to south reaching about -8 nT at
Fig. 1. Solar wind conditions on 28-29 March 1998, as recordedNZS:OO UT. after which the northward orientation was at-
by the Wind satellite(a) IMF z, (b) IMF y, (c) solar wind veloc- .04 21 00:27 UT on 29 March 1998. Another southward
ity, (d) prgton densny, gnde) solar Wlnq dynamic pressure; all in turni t 02:15 UT foll db " d turni
Geocentric Solar Ecliptic (GSE) coordinate system. urning & ) was followed by a northward turming
an hour later, at 03:14 UT. The IMB, (Fig. 1b) fluctuated
between zero and —10 nT during the two southward orienta-
tions. Solar wind velocity (Figlc) varied between 450 and
) ) . ) . . 500 km/s throughout the time interval of interest, whereas the
MHD simulation box is a Cartesian octogrid, and it is adap- gg|ar wind density (FigLd) remained in the range 4-5 cf
tive meaning that when the code detects large spatial gradirhe solar wind dynamic pressure (Fitg) fluctuated be-
ents, the grid is refined. Solar wind input variables (tem-yveen 1 and 2 nPa. The time delay between the \Wigd
perature, density, velocity and magnetic field) are treated B osition and the magnetopausei49 min using the average
boundary conditions in the sunward wall of the simulation ¢ the solar wind velocity il g direction (~475km/s).
box; outflow (Neumann) boundary conditions are applied on e solar wind conditions led to the development of two
other walls of the simulation box. The internal geomagneticg -cessive substorms. At 23:45 UT the Nuuk (GHB) mag-
field is modeled by a dipole placed at the center of the Earthy,giometer station located at the west coast of Greenland
The MHD magnetosphere is coupled to a high-resolution(~21:15 MLT; 70.5 magnetic latitude) recorded a northward
ionosphere using electrostatic current continuity equationspropagating negative bay in thg component, 29 minutes
The ionosphere is a spherical shell at an altitude of 110 kmafter the southward IMF had arrived at the magnetopause
and the region between the ionosphere and th&3.ghell (Fig. 2). The onset timing was corroborated with an auroral
is a passive medium, which only transmits electric effects,intensification recorded by the global imagers onboard the
and where no currents flow perpendicular to the magnetidPolar satellite. Another clear northward propagating nega-
field. A triangular finite element grid of the ionosphere tive bay in theH component was recordeda04:00 UT by
is fixed in time, although refined te-100-km spacing in  the Narsarsuaq (NAQ) station on the west coast of Greenland
the auroral oval region. The magnetosphere delivers field{02:00 MLT; 66.3 magnetic latitude), and again the timing
aligned currents and electron precipitation to the ionosphereis supported by the data recorded by the global imagers on-
The precipitating electrons are assumed to originate fromboard Polar. As characterized by th& index (Fig.2), the
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first intensification reached almost 1000 nT, whereas the sec- : : —

ond was~500 nT in magnitude. The two events were accom- €Y 20 sgcond averages

panied by tail field dipolarizations and particle injections at

the geosynchronous orbit (see Palmroth et al., 2005) UMQ
geosy . ) S

|
7

4 Results
ATU

s I

1000 nT

H-COMPONENT —

12622

8879
\
|
|

4.1 Spatial distribution

The first row of Fig.3 presents the spatial distribution of
the auroral luminosity as measured by the UVI instrument
(with the LBHI filter) onboard the Polar spacecraft. Since
auroral power is calculated fromUVI images, the spatial dis-
tribution of auroral luminosity is proportional to the auroral
power. The second row of Fi@ gives the auroral power
as computed using thdardy et al.(1987) statistical model
for K, values 3+ and 5—, respectively, whereas the third row
presents the auroral power in the Northern Hemisphere in the
GUMICS-4 global MHD simulation. The first column repre-
sents a time slightly after the first onset (23:50 UT), whereas
the second column is the time of the first substorm maximum 1200 5345 UT 04:00 UT
(01:30 UT). (b) -
The onset of the first substorm occurs in the premidnight
sector as shown by the UVI image at 23:50 UT. Naturally
a statistical model cannot produce precipitation patterns in-
dicative of a substorm sequence; however hereHhaly
et al. (1987 model serves as an example of the amount of
typical auroral powers expected during timeskgf 3+. As 22 ~ 00 02 04
shown by the GUMICS-4 results at 23:50 UT, the enhance- time of March 28-29, 1998 [hrs]
ment of the precipitation power coincides with the enhance-
ment of the auroral luminosity as measured by the UVI in- Fig. 2. (a) Ground magnetic field? component of the Green-
strument, indicating that the GUMICS-4 simulation predicts land West Coast magnetometer stations UMQ (nqrthernmost in this
the location of the substorm onset correctly in this event.PIoD: ATU. GHB, and NAQ (southernmosib) A E-index.
The maximum GUMICS-4 precipitation power in the North-
ern Hemisphere is-1.5mWn12. The Hardy et al.(1987)
model indicates~2 mWm 2 throughout the oval, whereas

in most parts of the nightside oval the average of GUMICS- ¢ 5| (1987 statistics. However, we again see that the level

- . B . 2 .
4 precipitation power is~0.6 mWnt <. This suggests that ¢ GUMICS-4 precipitation is lower than suggested by the
the GUMICS-4 precipitation power in the Northern Hemi- Hardy et al(1987) statistics.

sphere during the onset of the first substorm presumably is
too low (although the spatial distribution has similarities with 4.2 Total auroral power
the UVI measurements).

At the maximum of the first substorm (01:30 UT), the pre- GUMICS-4 power estimates are compared with UVI obser-
midnight sector still shows the maximum auroral luminos- vations in Fig.4. UVI power was calculated using three
ity, although the luminosity is spread throughout the oval.independent calculations based on the methods previously
TheHardy et al (1987) statistical model ak’,, 5—- shows en-  reported by Germany (Germany et al., 1998; 2004), Lum-
hanced precipitation in the premidnight and morning sectorsmerzheim Lummerzheim et al1991), and Liou Liou et al,
consistent with the most likely locations of electron accel- 2001). Multiple calculations were used in recognition of the
eration events during southward IMNéwell et al, 1996). fact that there are differences in the processing algorithms
Compared to the time of the onset at 01:30 UT, the GUMICS-used by different researchers. Taken together, the different
4 results show small warm spots in the vicinity of the dusk calculations represent a range of expected power values that
terminator and the cusp. A small spot of enhanced lumi-can be compared with the GUMICS-4 estimates.
nosity in the dusk terminator can also be seen in the UVl The red, green and blue traces in Hg. show the total
image. Hence, the spatial distribution of GUMICS-4 precip- auroral power observed by UVI on 28-29 March 1998 in

10441

T
=
o
o
o

AE index [
N oA

o O
E ‘

06

itation again has similarities with the UVI image aHdrdy
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23:50 UT 01: 30 UT

28 Mar 98 23:90:37 UT 29 Mar 98 01:29:41 UT

photon em g™

Hardy et al. (1987)

GUM CS-4

Fig. 3. Spatial distribution of auroral luminosity in UVI (first row), and auroral power in Hardy et al. (1987§ joB+ and 5—, respectively
(secon d row), and GUMICS-4 global MHD simulation (third row) for slightly after the onset (first column, 23:50 UT) and for the maximum
of the first substorm (second column, 01:30 UT). Notice that the color scales do not match row-wise.
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the Northern Hemisphere as determined by the methods of —— Polar UVI [Germany et al.,1998; 2004]
Germany, Lummerzheim, and Liou, respectively. (This can — Polar UVI [Lummerzheim et al., 1997]
be used as an estimate of the total hemispheric power if the _ E";'r%’y‘é\{gﬁ'?fggg?'" 2001; 2003]
camera is viewing the full auroral oval.) The black trace in 100 w w w

Fig. 4a is the auroral power computed using tHardy et

al. (1987 statistical model. Although organized using the
K, index and therefore having a poor temporal resolution,
theHardy et al.(1987 model gives the auroral power based
on an extensive statistical survey from the DMSP satellite
recordings.

The three UVI power estimates capture the temporal evo-
lution of the event and show significantly greater power de-
position than that shown by théardy et al (1987 statistical
model. The differences with thidardy et al.(1987) model
illustrate the variability that can be expected between single
events and stastical averages of many events. They also illus-
trate the value of auroral observations over statistical models
for single event studies.

Surprisingly, the three methods disagree significantly on
the magnitude of the power deposited during the active pe-
riods. This is probably due to differences in the conversion
methods from photon brightnesses to total power. The Ger-
many and Lummerzheim calculations use fixed conversions
based on the pre-flight calibrations of the UVI instrument 023 00 01 02 03 04 05 06
while the Liou calculation uses an empirical value fixed to Time of March 28-29, 1998
DMSP electron measurementafbary et al.2004). Other,
smaller, differences are probably due to differences in selecrijg 4. (ayTotal Northern Hemisphere precipitation power as
tion of auroral regions to contribute to the total power and in computed by the Germany method (red), Lummerzheim method
the determination of the non-auroral airglow contribution to (green), Liou method (blue), and Hardy et al. (1987) statistical
the total LBH brightness. These differences are of interestmethod (black). (b) North (solid) and south (dashed) total inte-
but are not the focus of this paper. For the present purposegyrated precipitation power in GUMICS-4 simulation.
they are sufficient to provide a range of values for compari-
son with GUMICS-4.

The black trace in Fig4b is the Northern Hemisphere
integrated auroral power computed using EB) ih the
GUMICS-4 simulation of the 28—-29 March 1998 event; the
dashed line indicates the Southern Hemisphere precipitatio

power. The integraion is limited to poleward oFtilecause tensifications. During the intensifications the magnitude of

the inner gdge .Of the magnetospheric simulation &Y . .GUMICS-4 auroral power is about 3 times lower than that of
maps to this latitude and therefore there cannot be precipi:

: o . X the Liou method.
tation of magnetospheric origin equatorward of this latitude.
The auroral power in the Northern Hemisphere in Hp.
computed using GUMICS-4 simulation does not show the
temporal variation indicated by the other traces in Ha.
This is atypical; in simulations of other events the tempo-
ral variation of precipitation power has been similar to that
of the AE index (e.g. Palmroth et al., 2004a). However, In order to obtain a measure of auroral power completely in-
the GUMICS-4 Southern Hemisphere precipitation mani-dependent of the methods based on global imagers onboard
fests some of the temporal variation of the event as therdPolar spacecraft, we investigate the nightside precipitation
is a slight increase in the power during the substorm max{power also using the SNOE satellite NO measurements. As
ima. This is likely a coincidence as the Southern Hemi- was noted in SecR.2, the Barth method computes essen-
sphere precipitation is altogether at a higher level during thigtially the integrated nightside precipitation using the SNOE
event: the Southern Hemisphere shows about 60% larger vabkatellite recordings. If normalized with the area in which
ues as compared to those obtained from the Northern Hemithe measurement is carried out, one should be left with a
sphere. The amount of precipitation power in the Northernfairly good estimate of the average nightside precipitation.

North Precipitation [GW]

—— GUMICS north 1
161 , - - - - GUMICS south |

Precipitation [GW]

Hemisphere in GUMICS-4 resembles that of the quiet times
as both the Liou and Lummerzheim methods are in quanti-
thtive agreement with GUMICS-4 results before the two in-

4.3 Average precipitation at auroral latitudes
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20 Table 1. Average of Eq. 8) over the substorm sequence.
Method <Eq. @)> [mW/m?]  <Eq. @)> [mW/m?]
0k Northern Hemisph. Southern Hemisph.
Germany 2.6 -
Lummerzheim 2.2 -
200 Hardy etal. (1987) 2.0 2.0
Barth 0.6 0.9
Liou 0.5 -
GUMICS-4 0.5 0.7

-400

-600 obtained globally with the same temporal resolution as us-
ing the global imagers. Furthermore, as an integration of
the nightside precipitation, the outcome of the Barth method
does not specify in which location the precipitation originally
took place. Therefore, the spatial variation must be averaged
out from the SNOE recordings by, e.g. taking a time average
over the 6-h substorm sequence. Tablists the time av-
erage of Eq.J) over the substorm sequence computed from
the precipitation power data obtained from the Polar space-
craft global imagersHardy et al.(1987 statistics, SNOE

-800

-1000

South Pole S74.02 E18.35 CGM ’ . .
-1200r AGO P3 S71.80 E40.25 CGM measurements, and the GUMICS-4 simulation. Essentially,

Greenland GHB ~ N70.56 E38.53 CGM an entry in Tablel is the average nightside precipitation at
65° during the entire period of interest. The Germany and
Lummerzheim methods and thiardy et al.(1987) statistics

all yield comparable values, while Liou and Barth methods
‘ ‘ . ‘ . . yield values comparable to the GUMICS-4 simulation. The

-1400r

23 2 25 26 27 28 29 30 Hardy et al.(1987 statistical method yields a surprisingly

Fig. 5. H-component [nT] as recorded by the South Pole (blue) andl";]Irge va(ljue Cor.]SI.den.ng tha:]tre tOtthlme%rated po¥ver frcr)1m
AGO P3 (black) stations on the Southern Hemisphere. (réd) e Hardy statistics is much lower than that, e.g. from the
component as recorded by the Greenland Nuuk station. The mag-Ummerzheim method. This is because in Hierdy et al.

netometer data are shifted to start from zero to allow comparison i(1987 method the nightside precipitation maximizes in the
the intensities. vicinity of 65° and it has little variability in longitude (cf.

Fig. 3), while during substorms the precipitation should have
larger variability in longitude.
Table 1 shows an estimate of the Southern Hemisphere

Therefore, in this section we investigate the outcome of precipitation power as computed by the Barth method and

675° the GUMICS-4 simulation. Although the event took place
Ppres = M A3) at the equinox and the dipole tilt angle increases from 0
fg_';o ds to 6° during the substorm sequence, both the Barth method

and GUMICS-4 simulation show a hemispherical asymme-

wheree is the energy flux of precipitating electrons, and the try in the precipitation power, with more power deposited in
integration is carried out in a 5-deg latitude band centered athe Southern Hemisphere. Figlsshowing ground magne-
65° magnetic latitude in the nightside. The outcome of thetometer recordings on nearly conjugate locations on North-
analysis in Eq.3) can also be computed from the GUMICS- ern and Southern Hemisphere indicates that the substorm is
4 simulation and from the precipitation energy data based orindeed more intense in the Southern Hemisphere. Namely,
global imagers. Furthermore, Fig.indicates that the max- the H-component of the GHB station (red trace in Fi.
imum of auroral emission occurs at%6both in GUMICS-4  consistently indicates weaker ground magnetic field pertur-
and in UVI images, and thus the choice of latitude in the bations than on the AGO P3 station (black trace in Bjgn
computation is justified. Southern Hemisphere. For reference, Fghows also the

As the SNOE measures NO once per orbit 15 times amagnetic recordings of the South Pole station (blue), slightly
day, a spatial distribution of precipitation power cannot be poleward of the AGO P3 station. The Southern Hemisphere

Ann. Geophys., 24, 86B¥2 2006 www.ann-geophys.net/24/861/2006/



M. Palmroth et al.: Assessing ionospheric precipitation 869

recordings are shifted to have the same base line with thgield values that are closer to tiardy et al.(1987) statis-
GHB recordings. The substorm features in the GHB andtics, which is to be taken as average value of precipitation
AGO P3recordings occur precisely at the same time throughdue to thek, dependency. Given that the SNOE value in
out the plotted period, indicating that it is reasonable to be-Table 1 may be an underestimation due to the lower spa-
lieve in a fairly good magnetic conjugacy. Although the tial coverage and heavy time averaging, we find that the fol-
cause of the stronger substorm in the Southern Hemisphere lswing compromise for the integrated auroral power yields
not clear, Fig5 suggests that the noted asymmetry in hemi-a result that agrees rather well with the observations: The
spheric power in Tabl& may be real (and not an artifact of quiet-time value is about 10 GW, while the active-time value
the methods). is given by a simple average of the three methods. During
quiet times, this compromise is in accordance with the SNOE
observations, because the Barth method agrees with the Liou
5 Discussion method (Tablel). During the activations, the average of the
Polar UVI methods is close to the values given by the Ger-
In this paper, we have compared the precipitation power remany method. The peak power during the substorms is then
sults from the GUMICS-4 global MHD simulation to obser- ~50 GW, while the quiet time value before the two intesifi-
vational data. Aiming to calibrate Eql) the purpose of cations is~10GW.
the study is to determine whether the GUMICS-4 simulation
is able to predict the total ionospheric power deposition. The5.2 Comparison of GUMICS-4 to observations
calibration concerning the larger ionospheric energy sink, the
Joule heating, was successfully carried out earPaiiroth ~ GUMICS-4 seems to reproduce the spatial variation of the
etal, 2005. As far as precipitation is concerned, the calibra- Northern Hemisphere precipitation reliably in the sense that
tion includes three questions: Is the GUMICS-4 precipitationlocations of the brightest luminosity in UVI are also visible
well-reproduced in terms of 1) spatial variation, 2) temporal in the GUMICS-4 results during this event. Furthermore in
variation, and 3) the magnitude of the integrated hemispheri¢he GUMICS-4 simulation, the onset of the first substorm

power. occurs at the right time in the roughly correct location (the
~21:00 MLT hot spot). However, in GUMICS-4 during this
5.1 Observations event, the precipitation in the Northern Hemisphere appears

in hot spots and varies such that at times some spots brighten
Given that the process of computing the hemispheric powewvhile others fade. The compensation of simultaneous bright-
from the UVI images includes errors due to dayglow re- enings and fadings leads to a flat total integral in the North-
moval, slant path removal, instrument calibration, and theern Hemisphere, while some similarities with the Polar mea-
value used to convert the image brightness into precipitatiorsurements are observed in the total integral of the Southern
power, it is not surprising that the three methods do not agreédemisphere precipitation. Earlier results of a small substorm
to the last digit. Out of the mentioned error sources, the day-and a major storm show that the temporal behavior of the
glow and the slant path removal probably introduce smallerNorthern Hemisphere precipitation is atypical, as the total
errors between the three methods, and the instrument calibrantegrated precipitation from the Northern Hemisphere have
tion is naturally similar as all the methods use the same dataagreed with thed E index before Palmroth et al.20043.
For converting the image brightness into precipitation power, The reason for the lack of temporal variation in the North-
the Liou method uses an empirical value fixed to DMSP elec-ern Hemisphere during the present event is difficult to ex-
tron measurementarbary et al.2004, while the Lum-  plain as (with the exception of the sunward boundary con-
merzheim and Germany methods use a fixed value (typicallyitions) the code setup used in the present event is identi-
150 R/mWn12 and 120 R/mWm?2, respectively). cal with the one presented Palmroth et al(20049. How-

For the sake of calibration of Eql), our difficult task is  ever, the precipitation during intense substorms (such as the
to determine the most probable magnitude of hemispherigresent event) is closely related with reconnection and ex-
power. Basically, the observational results can be sum-plosive loading-unloading processes releasing magnetic en-
marized in the following way: The methods agree as farergy in the tail. On the other hand, the ideal MHD cantet
as temporal variation is concerned. Likewise, the methoddactoreproduce as efficient reconnection as, for example, the
agree that the quiet-time hemispheric power is about 10 GWHall-MHD or hybrid codes (e.g. Birn et al., 2001). There-
However, during the activations the methods do not agreefore, one should rather ask why should the precipitation re-
which brings ambiguity to the value needed to calibratesults in a global MHD simulation show the temporal varia-
the GUMICS-4 results. Two of the three methods (Lum- tion of processes (such as reconnection) that are not properly
merzheim and Germany) agree that the integrated power igcluded in the original ideal MHD theory. In fact, consider-
more than 40 GW during the two intensifications. Although ing these issues, the GUMICS-4 results seem rather positive,
the SNOE measurement (Taldlesupports the lower power as the magnitude of the precipitation is in quantitative agree-
deposition rates, the Germany and Lummerzheim methodsent with the SNOE and Polar UVI measurements during
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$140 18 at least a sufficiently representative result.
0} As can be seen from Figl, the correlation between the
:?120, 116 GUMICS-4 Northern Hemisphere precipitation power and

the observations is poor. However, Ed) (vas developed
for global dissipation including both hemispheres. If we take
an average of GUMICS-4 global precipitation including both
hemispheres, the correlation coefficient between the simula-
tion precipitation results and the average Polar UVI observa-
tions improves to 0.7. This average of global precipitation
in the simulation is quite consistently 5 times less than the
observations indicate during the active times, while during
quiet times the GUMICS-4 result quantitatively agrees with
20 , , , , , 6 the observations without any multiplication.
23 24 01 02 03 04 05 06 As discussed irPalmroth et al.(2005, the lower Joule
heating rates in GUMICS-4 compared to the observations is
Fig. 6. Northern Hemispheric total power (Joule heating plus pre- mainly due to the weak Region 2 current system, as Joule
cipitation) in GUMICS-4 (solid red), in observations (soli_d black), heating is largely produced as the Region 1 and 2 currents
and from scaled Eq. (1) (black dashed). The observational Joule\ e tg each other through the highly conducting oval. The

heating is computed using measurements from SuperDARN radar; : : : :
and Polar UVI (see details iralmroth et al(2005), and precipita- ﬁ‘.“p“’p‘?r Region 2 S.ySte”.“ !S atypical feature N global MHD
simulations due to insufficient modeling of the inner mag-

tion is computed in this study. netosphere. We speculate that better modeling of the inner
magnetosphere (with finer grid sizing and/or going beyond
ideal MHD) will improve the modeling of the Region 2 cur-
quiet times before the two intensifications, and some of the'e€nt system, and increase the amount of Joule heating in the
temporal variation is seen on the Southern Hemisphere. W&odel. As for the precipitation, it is shown here that the
speculate that the better reproduction of the Southern Hemiguiet-time observations are already in quantitative agreement
sphere temporal variation is a coincidence due to the fact thatith the GUMICS-4 results, indicating that ideal MHD is
the Southern Hemisphere is altogether more intense duringufficient to model the diffuse aurora. The factor 5 differ-
this event. As the experience has shown that the GUMICS€nce between the observations and the GUMICS-4 results
4 simulation is more directly driven than it exhibits classi- during active times is not a poor achievement, at least when
cal loading-unloading features, we speculate that the featuregonsidering that there are two- or threefold differences in
visible (missing) in the GUMICS-4 results are due to the di- the observational results themselves. However, we specu-
rectly driven (loading-unloading) processes. This specu|alate that the active time difference between the GUMICS-4
tion is further supported by the fact that the good correlationrésults and the observations is probably due to insufficient
between theA E index and the precipitation iRalmroth et modeling of the explosive reconnection processes in the tail,
al. (20043 was observed during a major storm and a weakand the fact that the parallel potential drop is set to zero in
substorm. Namely, storms in general may be more directyGUMICS-4. The latter is a conscious choice as the parallel
driven than substorms, whereas a weak substorm is likely agPotential drop is associated with discrete arc physics, which
sociated with inefficient reconnection and therefore they maydeals with much smaller scale sizes than the smallest grid

80r

——GUMICS
observations
---Eq.1

40r

[MD] -SDINND ‘1emod “ydsouol 1oL

Total ionospheric power, obs
D
o

be more “reproducible” by the ideal MHD. spacing in the GUMICS-4 ionosphere 100 km). Further-
more, it is not clear how the parallel potential drop should be
5.3 Calibration added between the ionosphere and magnetosphere, as based

on these results it appears that it should be “on” during auro-
Naturally, the failure of GUMICS-4 in reproducing the tem- ral activations only.
poral variation of total integrated precipitation power in the  As Joule heating is a larger sink compared to electron pre-
Northern Hemisphere is disturbing while trying to quantita- cipitation (Lu et al., 1998; Knipp et al., 1998), the temporal
tively calibrate Eq. 1), particularly when the calibration as- variation of precipitation does not largely affect the temporal
sociated with the Northern Hemispheric Joule heating wasvariation of the total ionospheric power dissipation. Indeed,
carried out successfullyP@lmroth et al. 2005. Namely, in the Northern Hemisphere, Fi§.indicates a good accor-
the temporal variation of Joule heating in GUMICS-4 was dance between the Northern Hemisphere power dissipation
in good accordance with the observed Joule heating and thi the simulation (Joule heating plus precipitation) and ob-
AE index. Furthermore, it was found that the magnitude of servations, where the observed total power is computed us-
Joule heating was quite consistently a factor of 10 less thafing measurements presented in this study as well as those
the observed hemispheric Joule heating. Therefore the mulin Palmroth et al(2005. The correlation coefficient is 0.8.
tiplication of GUMICS-4 Joule heating by 10 would lead to Furthermore, the total ionospheric power in the simulation
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correlates with the outcome of EdL)((dashed black trace),
with 0.83 correlation coefficient. The outcome of Eq. (1) is
computed using=0.8, b=2.8, andd=—2, while the original
scaling constant' is multiplied to take into account the Joule

heating and precipitation factors. The correlation coefficient

between theAE index and the GUMICS-4 total Northern

Hemisphere power is 0.85. Therefore, although the precip-

itation in the Northern Hemisphere does not follow the

index during this event, the total power dissipation in the sim-

ulation is rather well-correlated with th&E index (85%),
observations (80%), and the outcome of Bq.(83%). This
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Germany, G. A., Parks, G. K., Britthacher, M. J., Cumnock, J.,

Lummerzheim, D., Spann, J. F., Chen, L., Richards, P. G., and

Rich, F. J.: Remote determination of auroral energy characteris-

tic during substorm activity, Geophys. Res. Lett., 24, 995-998,
997.

Germany, G. A., Spann, J. F., Parks, G. K., Brittnacher, M. J., Elsen,

R., Chen, L., Lummerzheim, D., and Rees, M. H.: Auroral ob-

servations from POLAR ultraviolet imager (UVI), in: Geospace

Mass and Energy Flow: Results From the International Solar-
Terrestrial Physics Program, Geophys. Monogr. Ser., vol 104,
edited by: Horwitz, J., Gallagher, D., and Peterson, W., AGU,
Washington, D.C., 149-160, 1998.

indicates that the calibration has succeeded, and a represe@ermany, G. A., Spann, J. F., Deverapalli, C., and Hung, C.: The

tative value of global power dissipation during active times
may be obtained from Eql), if the hemispheric Joule heat-

utility of auroral image-based activity metrics, Eos. Trans. AGU,
85(47), Fall Meet. Suppl., Abstract SA51B-0247, 2004.

ing is multiplied with 10 and the hemispheric precipitation Hardy, D. A., Gussenhoven, M. S., Raistrick, R., and McNeil, W.

with 5. During quiet times, the multiplication of hemispheric

Joule heating by 10 is enough to produce a representative re-

sult of global ionospheric dissipation.
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