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Abstract. The auroral emission of the first negative system has been shown to be directly proportional to the energy dis-
of N; at 427.8 nm is analyzed using simultaneous measuresipated into the atmospher@glgarno et al.1965, and can,
ments from the ground with ALIS (Auroral Large Imaging together with other emissions, be used to deduce the atmo-
System) and from space with optical (MAC) and particle spheric composition and characteristic energy of the precipi-
(ESA) instruments of the Reimei satellite. The study has twotating particleslecht et al. 2006.

main objectives. The first is validation of the absolute cali- For nightside auroras, the only excitation mechanism, for
bration of the ALIS and the Reimei MAC cameras. The otherthe N; 427.8 nm emission, is direct electron impact of. N
task is to evaluate different cross sections of the electron exeven though it is a simple emission, with few processes in-
citation of N} that are used for the modeling of the auroral volved, there is still some indeterminacy in model results,
1N system emissions. The simultaneous measurements of thraostly due to uncertainties in the excitation cross section.
427.8 nm emission by ALIS and Reimei imagers show ex-Reviews of the electron impact cross section for the N
cellent agreement, indicating that the calibration of the twomolecule have been made by several authors, as a result
instruments is correct. Comparison of the 427.8 nm emissiorof many experimental and theoretical studies (dttkawa,
intensity calculated using the incident electron flux measured2006. The sum of the cross section for the production of
by the Reimei particle instruments with intensities measuredhe XZE;, A?11, and 322;r states is usually assumed to
by the optical imagers show that the best match is reachetie the total cross section for nondissociative ionization of
with the cross section froBhemansky and Li(2005. N> into N; The partial ionization—excitation cross section
for the three states has been seriously questioned, especially
the magnitude of the cross section for théx} state.Do-
ering and Yang(1997 used electron scattering measure-
ments and found that th8?%; state contributes 9-10 %

to the total I\I cross section. Another analysis bgn Zyl

and Pendleton(1995 using emission cross section mea-
surements shows that the contribution is 14.53%eman-

The auroral 427.8 nm emission, produced by the transitionSI(y and Liu(2009 established the cross sections for elec-

from the N (B2X;F) state to the first vibrational level of the 0" m:pac;t Ignlzatlzon—excnatlozn T NXZY) molecules
ground state B (X23;), is caused by simultaneous elec- into N (X°%;7), (A°T1,) and(B°X,) states using ioniza-
tron impact ionization and excitation of molecular nitrogen 0N oscillator strengths derived from photoionization mea-
in the ionosphere, and is one of the best understood emissUrements, claiming that this method is the most accurate ap-
sions. The intensity of the first negative emission bandpf N Proach. They compare their own estimated values with the
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two sets of previously determined cross sections mentioned
above, and find that the difference between the cross section
can reach 50 %.

The relationship between intensity and energy flux can
also be obtained experimentally. In order to determine the
intensity of an auroral emission based on measured eIec-N,\ i
tron flux, the conversion factor or the excitation efficiency
is needed. A study b$teele and McEwe(1990 presents a
collection of measured and calculated excitation efficiencies,
and shows that experimental measurements of the excitatior &
efficiency differ by about 50 %. The reason for these differ-
ences is mainly due to the lack of simultaneous particle mea-
surements and optical observations, and due to uncertaintie
in calibration of the instruments.

With the Reimei satellite it is possible to make measure- 0™ = —
ments of the optical emissions at the same time as measur Energy (V)
ing the precipitating particles. This peculiarity of the Reimei
satellite was used for intercalibration of the optical and par-Figure 1. Partial ionization cross section forNB 23;).
ticle measurements using an ionospheric modelW\yiter
et al. (2012. In this paper the intensity of the 1 PG bands
of N2> measured by the Reimei camera was compared withwas performed at the National Institute of Polar Research by
the modeled intensity of the 1 PG bands calculated using theising an integrating spher®puchi et al. 2008.
simultaneous measurements of the auroral electron spectra. The electron spectrometer, ESA, measures precipitating
The strong discrepancies between the observed and calc@lectrons in 32 energy bins covering a range from 12 eV to
lated results were demonstrated. The authors attributed thié2 keV, and records a complete electron energy spectrum ev-
disagreement to the possible input of the other auroral emisery 40ms. The ESA analyzer response for incoming direc-
sions in the measured intensity as well as to the effect of thdion and energy of the particles has been calibrated at the
ground albedo, which is difficult to take into account in the ground before launch by using ion beamsgmura et a).
calculations. 2003.

The objective of this study is to use simultaneous measure- Optical data from the ground were obtained with ALIS
ments of the intensity of the 427.8 nm 1 NG emission from (Brandstrom 2003, which consists of several remote-
ALIS (Auroral Large Imaging System) and the intensity and controlled stations located in northern Scandinavia, sepa-
electron flux from the Reimei satellite to intercalibrate the rated by approximately 50 km. Each station is equipped with
optical and particle measurements, and to evaluate differera high-resolution CCD detector with 10241024 pixels, and
sets of cross sections and spectroscopic parameters to firifilter wheel with six positions for narrow-band interference
the best fit to the experimental data. filters. The ALIS imager absolute calibration was carried out

using the low-light radiative sources that are traceable to the

long-term intercalibration efforBrandstrém et al2012.

In this study we use data from the northernmost station in

2 Instrumentation Skibotn (69.35N, 20.36 E), Norway, where we have data

at zenith coinciding with a pass of the Reimei satellite. The
Optical data from space and in situ particle data were obield-of-view is 90, which with a binning of 4x 4 pixels
tained with the Japanese micro-satelite, Reimei. The satelgives an image size of 256256 pixels, and a spatial reso-
lite is in a sun-synchronous orbit at an altitude of aboutlution of approximately 700 m at an altitude of 110 km. We
~630km. It carries a payload consisting of Electron/lon use a 427.8 nm filter with 1 s exposure time. The time inter-
energy Spectrum Analysers (ESA/ISAAfamura et a).  val between the images using this filter is 15 s, which means
2003 and a Muti-Spectral Auroral Imaging Camera (MAC) one image was taken during the pass of the satellite, in which
(Obuchi et al. 2008 Sakanoi et a).2003, which enables it  the footprint lies within the field of view of the ALIS imager.
to make multi-spectral optical measurements of the aurora
and the precipitating particles simultaneously.

The MAC instrument is a three-channel camera system3 Theory and modeling
used to simultaneously measure at wavelengths of 42§0 (N
1NG), 5580 (O) and 6700 (N1 PG). For the data used in The 427.8 nm emission belongs to the first negative band sys-
this study the time resolution is 120 ms and the exposurgem of N}’ This system originates from the allowed elec-
time 60 ms. A sensitivity calibration of the MAC imagers tronic transition from theBZZj[ state to theXZE;r state. In

55 section (cm

Shemansky and Liu
Yan Zyl and Pendleton
Doering and Yang
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Figure 2. Images of the auroral arc from the ALIS camera in Skibotn taken on 8 November 2008 at 00:34:55 and 00:35:05 UT, respectively.
On top is the average of 25 Reimei images taken between 00:35:02 and 00:35:06. Both are projected to an altitude of 110 km. The white box
corresponds to the area where the mean value of the intensity was calculated.
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Figure 3. Intensity of the arc measured by ALIS and MAC before Figure 4. Intensity of the arc measured by ALIS and MAC after
removing the background intensity. The dashed lines show the backremoving the background intensity.

ground intensity that is later removed from each intensity measure-
ment.

coefficient for the transition form vibrational level = 0 of

25+ " 25+
aurora, the upper state is the result of electron impact |onthEB Z, state to vibrational level” = 1 of theX Z state

1 B—X
ization of nitrogen molecules with simultaneous excitation Of NZ in cm ZA v is the sum of the E'”Ste'n co-

+ +
of N3 . The only loss process for th@zz state is by radia- efficients of all transmons from V|brat|onal level =0 of
tive transferto the ground state. Therefore under steady statg,e BZE+ state in cnt?, and Qv . (z) is the production

conditions, the volume emission rate is defined as 5 ) ]
rate of the I\}‘(B %,5) state by the electron impact obNh

Verra(s) = 0"=0 . (2) - g0=0 Agjlx 1) cm—3 §‘1, and is calculated according to the following ex-
4278(2) = L pay (2 qNZ(X)_,N;(B)—ZABH{v pression:
o — v
whereVio78(z) is the volume emission rate of the 427.8nm ('~ =0 1) = [N2()] - /UB(E)f(E 2)dE, @
3 0—0
emission in cm3s71, z is the altitude in cmy 20— (B) Bth

is the Franck—Condon factor for the transition from vibra-
tional levelv’ = 0 of the ground state of Nto vibrational where[N2(z)] is the No number density in ¢, o(E) is
level v’ = 0 of the I\E’(Bzz,j) state,Agjlx is the Einstein  the electron-excitation cross section for th§(m22u+) state
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in c?, and 1 (E, z) is the particle differential flux of the au- 003612 UT
roral electrons in evlecm—2s1. e

The particle differential fluxf (E, z) can be obtained by
solving the auroral electron transport problem. In order to
solve this problem, we use the Monte Carlo model of the
electron transport into the upper atmosphere of the Earth tha:
was developed isergienko and Ivano{1991) and updated
according to the most recent laboratory measurements of the
electron cross sections 8ergienko et al(2012).

In spite of the simplicity of the modeling of the first
negative system there are some problems associated witlE -
the uncertainty in the electron excitation cross section of
the NZ(BZEJ) state. It is generally accepted that the par-
tial ionization—excitation cross section of a certain electronic
state of the molecular nitrogen ion is obtained from the to- \ .
tal single ionization cross section by scaling according to the -0 -80 60 40 20D 20 4D BD 8D
branching ratios§hemansky and Ljt2005. While the total km east of Skibotn
ionization cross section is measured with high accuracy, thesjgyre 5. ALIS image (427.8nm) from 5 December 2007 taken
branching ratios fo 2%, A2I1, and B2, are under de-  from the Skibotn station, projected to an altitude of 110km. The
bate. In Fig.1 partial ionization cross sections f8° X} are  red line marks the Reimei footprint and the white arrows point to
presented. In order to calculate these cross sections the tottle arcs.
single ionization cross sections taken frdtikawa (2009
were used. The different cross sections correspond to the
branching ratios presented bgn Zyl and Pendleto(1995 observations where ALIS measures simultaneously with both
(green line),Doering and Yang1997 (red line), andShe-  optical and particle instruments on board Reimei. What does
mansky and Liy2009 (blue line). exist are simultaneous measurements of (1) ALIS and the op-

One of the main goals of the present study is to evaluatdical imager on Reimei, (2) ALIS and particle measurements
these cross sections in order to find the best fit with the aurofrom Reimei, and (3) optical and particle data from Reimei.
ral measurements conducted simultaneously by space-bornghese three different combinations are used to compare the
and ground_based instruments. Some discrepancies exist malibration of the instruments and investigate which of the
the values of spectroscopic parameters such as the Einstefif0ss sections gives the intensity that best matches the exper-
coefficients and the Franck—=Condon factors presented by thinental data.
different authors. However, the differences in intensity us-
ing the different spectroscopic parameters are not significanf.1 Comparison of optical data from ALIS and Reimei
compared to the difference obtained when changing the cross
sections. In this study the values fra@ilmore et al. (19929 A comparison of the intensity measured by the MAC in-
are applied. strument onboard Reimei and the ALIS camera in Skibotn

The volume emission rate of the auroral emissions relatedgvas performed using data from 8 November 2008 at about
to the column intensity that is measured in the experiment by00:35:05 UT, when the fields of view of the two imagers

north of Skibot

the following formula: overlap. We observe an auroral arc that lies in zenith and is
stretched from east to west.

Lir7g = 1076/ Vaz7s(2)dz, 3) The 427.8 nm |ntenS|ty_of this arc is compared using mea-
surements from the two imagers. Fig@deshows the ALIS

image for 557.7 nm (left) and 427.8 nm (right) projected to an

where /457 is the column emission intensity in Rayleighs ;e of 110 km with the MAC image superimposed. Since

(R). the arc is quite weak in intensity, especially in the blue line,
we average 25 consecutive MAC images onto their common
4 Experimental data and analysis area, creating one image. There is no significant change in the

shape or position of the arc during the time of two consecu-
Since 2005 there have been around 60 conjugate measuréve ALIS images, i.e., 15s. The 25 images from the MAC
ments between ALIS and REIMEI. The majority of the con- instrument were obtained in the interval between two ALIS
jugate observations had to be discarded due to a lack of gémages and corresponds to 3 s, hence averaging the MAC im-
omagnetic activity, cloudy skies or various instrument mal- ages will not affect the result.
functions. Unfortunately only a few of them have been found We find that there is a slight shift between the images,
to be useful for scientific analysis. Furthermore, there are ngrobably due to some uncertainties in the MAC imager
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Figure 6. Upper panel: Electron energy spectrum along the track of the Reimei satellite. Middle panel: Volume emission rate as a function
of altitude along the satellite track. The white arrows correspond to the arcs marked3nlkigier panel: The black line shows the intensity

of the 427.8 nm emission measured by ALIS. The three colored lines show the calculated intensity using cross sectiamsZybmand
Pendletor(1995, Shemansky and Li(2005 andDoering and Yang1997.

direction. We account for this inaccuracy by shifting the dashed line in the figure. Figudeshows the intensity of the
Reimei image 3.7 km to the north to obtain the best matcharc after removal of the background intensity. We find that
for the position of the arc. the measurements of the two imagers are in very good agree-
We include the image taken with the 557.7 nm filter, which ment. This supports the independent absolute calibration of
is less noisy, to illustrate the conditions of the event better. the two camera systems.
The intensity of the arc is calculated using 10 parallel
slices of the image, taken along lines across the arc in #.2 Comparison of optical data from ALIS and particle
north—south direction starting from27 to —17 km east of data from Reimei

Skibotn with a spacing of 1 km. In order to increase the statis-

tics we take the average of these lines and the result is foun@ptical data from ALIS is compared with particle data from
in Fig. 3. Reimei, obtained on 5 December 2007, where the satellite

The source of the background intensity in the ALIS im- data coincide with observations from the station in Skibotn

age is background emissions that are always present in thé€e Fig5).

night sky. For Reimei, these sources also include reflections The volume emission rate is calculated using Efjsa(d

of moonlight, starlight as well as the aurora itself from the (2) for the three different sets of cross sections mentioned in
ground. Since there is only one arc in the image, we calcu->€ct.3. The middle panel of Fig6 shows the volume emis-
late the background emissions by using the intensity obtainegion rate along the satellite track as a function of altitude.
in the same way as described above, but for a line that idn this figure we see a peak of the volume emission rate at
stretched from north to south across the whole image. We rearound 110-120 km in altitude.

move the area occupied by the arc, i.e., from arou@ to The ALIS image in Fig5, taken with the 427.8 nm filter
—13km north of Skibotn, and fit a quadratic function to the from the Skibotn station at 00:36:25, is projected to an al-

remaining intensity. This resulting intensity is shown as thefitude of 110km, corresponding to the peak of the volume
emission rate. The image show auroral structures that are

www.ann-geophys.net/32/499/2014/ Ann. Geophys., 32, 4906 2014
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Figure 7. First panel: Images from MAC at three different times representing the event. The red square marks the satellite footprint. Second
panel: Electron energy spectrum along the track of the satellite. Third panel: Keogram taken along the satellite track marked as the red line.
Fourth panel: Measured and modeled intensity of the 427.8 nm emission together with the calculated background intensity.

elongated along the magnetic parallel. The image also showgolume of the aurora. The 2-D image of this artificial aurora

the Reimei footprint (red line). will be similar to Fig.5, and is used to retrieve the intensity
The energy spectrum along the satellite track is shown inalong the satellite track. The lower panel of Fégshows the

the upper panel of Fig and shows a high flux in the 2—6 keV intensity of the 427.8 nm emission along with the calculated

range along the whole track, which is in agreement with theintensity, based on the particle measurements, using the dif-

diffuse auroral structures seen in Figln the most northern  ferent cross sections.

part of the image there is also a population of accelerated The best agreement between the experimental data and

electrons with lower energies of about 500-800 eV. calculated intensity is obtained by using cross sections from
Finally the intensity is calculated using the volume emis- Shemansky and Li2005 together with spectroscopic pa-

sion rate and Eq.3). The volume emission rate along the rameters fronGilmore et al.(1992).

track is spread out along the magnetic parallel, creating a 3-D

Ann. Geophys., 32, 499506, 2014 www.ann-geophys.net/32/499/2014/
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Figure 8. Left: Comparison between the measured intensity of 427.8 nm emissions and the modeled emission using cross sections from
Shemansky and Li(2005, Van Zyl and Pendleto(1995 andDoering and Yang1997). Right: Linear regression plot between experimental
and modeled intensities.

4.3 Comparison of optical and particle data The result is presented on the left side of Rég(colored
from Reimei lines), together with the measured intensity from MAC for
the 427.8 nm emission (black line) after removing the back-
Simultaneous optical and particle data from Reimei are ofground intensity. Similar to the ALIS-Reimei comparison the
course much more common than Reimei—ALIS conjugatecross section fronshemansky and Li2009 gives a best
data. Our comparison of the ALIS and Reimei camera calfit of the experimental and calculated intensities. This fact is
ibration shows that the Reimei camera is well-enough cal-demonstrated more clearly on the right side of Biglhe fig-
ibrated to be used for the quantitative comparison we areure shows a linear regression plot of the dependence of the
attempting here. We therefore investigate one sample evergxperimental values on the theoretical values for the three
with simultaneous optical and particle measurements froncalculated intensities. The numbers in the legend are the co-
Reimei. Data are taken from 9 December 2005 and are deefficients obtained from the linear fitting between the exper-
scribed in Fig7. Three images from the MAC imager repre- imental and theoretical values, where the first value repre-
senting the event are presented in the top panel and show trgents the slope of the line, and the second term, the intercept
passing of an auroral structure. At around 23:10:46 the satelthat is close to zero for all three sets, indicate that the back-
lite footprint crosses the center of an auroral structure, whichground calculations were correct. The blue line correspond-
can be described as quite luminous and fairly stable. Thidng to cross sections frolBhemansky and Li(2009 has a
can also be seen in the third panel of Figwhich shows regression coefficient of 0.96 and hence is the best mach to
a keogram of the event, created by taking a slice along théhe measured intensity.
satellite track for each image. Since the satellite is moving
from north to south, each image will have a different latitude
range and the resulting keogram will be tilted. The red line5 Conclusions
marks the footprint of the satellite.

The ESA spectogram of the precipitating auroral electronsThe intensities of the 427.8 nm emission measured from the
is shown in the second panel of Fig.and clearly indicates ALIS and MAC imagers have been compared and show ex-
that the Reimei satellite passes several inverted V-like auroratellent agreement, indicating that the calibrations of the two
structures formed by the electrons accelerated to an energystruments are correct.
of 2—6 keV. The intensity of the 427.8 nm emission measured We have compared the modeled intensity of the blue line
by MAC along the satellite footprint is shown in the third using electron fluxes obtained from the ESA instrument us-
panel (black line). The background intensity is calculated bying different cross sections and spectroscopic parameters
fitting a quadratic function to the lowest points of the mea- with emission intensities measured by ALIS as well as MAC-
sured intensity along the whole trace, and is included in theReimei. The best match is found using cross sections from
figure (red line). It also shows the modeled emission (blueShemansky and Li(2005.
line) using the ESA electron spectra with cross sections from As ALIS is traceable to the long-term intercalibration ef-
Shemansky and Li(2005. fort (Brandstrém et a)2012), the agreement with the Reimei

We use the same set of cross sections as in 3e2t. calibrated by independent facilities strengthens the quality of
to calculate the intensity using the measured electron fluxthe optical absolute measurements of ALIS and Reimei.

www.ann-geophys.net/32/499/2014/ Ann. Geophys., 32, 4906 2014
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