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Abstract. Studies of auroral energy input at high latitudes greatly enhanced rotational temperatures may be a signature
often depend on observations of emissions from the firstof ion upflows.
25)?2“;?8 2;22,[80(; llaonslf)(lez;jr :eltsrgr?ae:ée choe\ll';/tee\:ﬁ:’ thi‘?’ehem'lfkeywords. Atmospheric composition and structure (Air-

. y : g, which ma eﬁow and aurora; Transmission and scattering of radiation)
photometric and spectrographic measurements difficult to” lonosoh .
; i ) o phere (Auroral ionosphere)
interpret. This work is a statistical study from Longyear-
byen, Svalbard, Norway, during the solar minimum between
January and March 2007, providing a good coverage in
shadow height position and precipitation conditions. Thel Introduction
High Throughput Imaging Echelle Spectrograph (HITIES)
measured three bands ogl\ILN (0,1), (1,2) and (2,3), and Emissions from the nitrogen molecule are of great impor-
one N 2P band (0,3) in the magnetic zenith. The brightnesstance in auroral studies. Firstly, they are used as diagnostics
ratios of the N bands are compared with a theoretical treat- for the total energy flux, since the brightness of these emis-
ment with excellent results. Balance equations for all im-sions is only weakly dependent on the characteristic energy.
portant vibrational levels of the three lowest electronic statesSecondly, spectral measurements gfihands can be used to
of the Nj molecule are solved for steady-state, and the re-determine the rotational temperature. Thermal equilibrium
sults combined with ion chemistry modelling. Brightnessesof atmospheric constituents allows us to assume that the ro-
ofthe (0,1), (1,2) and (2,3) bands og’l\lN are calculated for tational temperature is a measure of the atmospheric neutral
a range of auroral electron energies, and different values ofemperature of the emitting species. Hence it is possible to
shadow heights. It is shown that in sunlit aurora, the bright-infer the height of the auroral excitation, from which is esti-
ness of the (0,1) band is enhanced, with the scattered coriated the characteristic energy.
tribution increasing with decreasing energy of precipitation ~ The auroral ' 1N band system in the UV (from¥L:+ to
(10-fold enhancements for energies of 100eV). The highenXZE;) is caused by electron impact ionisation and excitation

vibrational bands are enhanced even more significantly. Irfthe Nb molecules. However, Wheng\ions are illuminated
sunlit aurora the observed 1N (1,2)/(0,1) and (2,3)/(0,1) ra-hy sunlight above the shadow height at high latitudes, the
tios increase as a function of decreasing precipitation energy; N band system will scatter and fluoresce, enhancing bright-
as predicted by theory. In non-sunlit aurora thg 8pecies  npess and leading to an increase in vibrational and rotational
have a constant proportionality to neutra}.NThe ratio of  temperatures. Different bands are affected in different ways,
2P(0,3)/1N(0,1) in the morning hours shows a pronouncedsg that the ratios of emissions will vary with shadow height.
decrease, indicating enhancement gf kN emission. Fi-  Therefore during sunlit or partially sunlit conditions the mea-
nally we study the relationship of all emissions and their ra-syred values of emission intensities (and rotational tempera-
tios to rotational temperatures. A clear effect is observedyres) will lead to uncertainties in the characteristic electron
on I’Otational deVelOpment of the bandS. It iS pOSSible thatenergy and energy flux_ The average energy from rotationa'
spectra can be underestimated due to the contribution from
highly developed sunlit spectra. Similarly, the flux can be

Correspondence tdD. Jokiaho overestimated in a simple photometric measurement when
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Abnormally bright NZ’r was first observed bystrmer up to 900 km over the northern polar cap close to magnetic
(1959 in the early 1910s. Triangulation indicated the rays noon. No other significant optical emissions were detected
were located above 1000 km. The observation that sunlit raysbove 450 km suggesting the source was resonance scatter-
occur between a year before and three years after sunspatg of the |\g ions in the presence of ion upflows. They
maximum can be related to the significant increase of the exmeasured up to a 40% contribution in the 1N band system
ospheric temperature from 1000 K to 2000 K, and expansiorintensity above the shadow height wikh),=3 and a 4% con-
of the upper atmosphere at the maximum of solar UV activ-tribution with K ,=1.
ity. Sunlit measurements have usually been recorded away Remick et al(2001) conducted simultaneous observations
from the magnetic zenithBfoadfoot 1967 Vallance Jones  of N;‘ 1N (0,1) with N; M (0,0) at Poker Flat, Alaska over
and Hunten1960. The latter reported unusually high ro- two seasons between 1995 and 1997. Emission rates of the
tational and vibrational temperatures of 2200 K during thetwo bands should be in strict proportion over a wide energy
1958 solar maximum. An historical account of resonancerange, which was not found. The lack of proportionality was
scattering from Iy can be found irHunten(2003. explained by the increase in the 1N band system intensity

The theoretical foundation for resonance scattering:pf N Py resonance scattering. They concluded that there exists a
ions was set up byBates(1949. Broadfoot(1967) later short duration episodic apce!eratlpn mechanlfsm in the pres-
demonstrated how the vibrational distribution is strongly af- €Nce of auroral arcs that lifts ions into the sunlit region of the
fected by resonance scattering and highlighted the method dPnosphere.
using the relative intensities and populations of excited states The present work sets out to quantify the effect of sunlit
to give an estimate of the two excitation sources. lonisa-conditions on zenith measurements under a steady state. It
tion from photoionisation is indistinguishable from electron follows work of Jokiaho et al(2008, which used the §I 1N
impact because the ionisation efficiency is very similar; the(0.2) band to determine the rotational temperature and thus
former dominates in twilight and daytime non-auroral con- €stimate the energy of precipitation, in conjunction with the
ditions, and the latter in sunlit and non-sunlit aurora. More EISCAT Svalbard Radar. In the present work, we make a sta-
enhanced vibrational development in twilight spectra in com-tistical study of spectral measurements of thrgeI bands
parison to sunlit aurora is also reported. Broadfoot modelled1.0), (1,2) and (2,3), and one;R2P band (0,3). We inves-
steady state populations for all important vibrational levelstigate the brightness ratios of thejNbands and their ratio
of the NJ XZE;, A211, and B as a function of ion life-  t0 the N band, since in resonance scattered auroral events
time and reported a 40% contribution of resonance scatteringh€ relationship between them can be used as an indicator of
to N 1N bands. the scattered contribution. We also study the relationship of
all emissions and their ratios to rotational temperatures. The

Broadfoot(1967) which raises ion lifetimes in sunlit aurora thg?ﬁgg?' bz;sr:?_ OTr:h?hsetl;ggtltzFgovéiiiArl(esne"nztﬁtgéngclivtlr?g;‘-
by an order of magnitude. He found that resonance scatter: quantifying Ny

ing contributed 56% of the 1N intensities, pointing out the fect on rotational temperatures, as well as the possible effect

relative population increase with increasing vibrational IevelOf ion upflows.

v’. Degen also introduced low energy electron induced fluo-

rescence analogous to solar induced fluorescence to expla'@ Experimental details and analysis
vibrational enhancement of the 1N band in the great type-A

Sii:?erg S;é?azzr;?lg%% ?/\L/Jr?g; %%ngj.tcl,gri}isé d-l;?]i gi(lj\lel((\),\,lgf re We report a statistical study of nigh't—time, twilight and dayj
: . S 2 time (cusp) aurora at the solar minimum from the magnetic

rotguonal band structure by varying the ion life time and ro- zenith between 17 January and 14 March 2007 at Advent-
tayonal tgmperature. The results were compared favourab%alen in Longyearbyen, Svalbard (78, 15° E). The exper-
with sunlit auroral data aunten et al(1959. iment used the High Throughput Imaging Echelle Spectro-

The characteristic intensity minimum just below the graph (HITIES) Chakrabarti et a).2001) equipped with a
shadow height of aurora that is partly sunlit has long beenwater cooled Andor iXon EMCCD camera and a five panel
observed with scanning photometers; NN (0,1) height  interference filter mosaic seen in Fig.which was designed
profiles of volume emission rate were studiedlanchester  to measure the effect of resonance scattering of solar photons
et al(1987) over Svalbard. In the morning sector these Pro-in aurora by |\1’ molecules. He|ght integrated Spectra| pro-
files had the characteristic double hump feature due to theiles were obtained for the study with a temporal resolution
contribution from resonance scattering. In that work the res-of 10-30s.
onance scattering contribution was subtracted in order to es- Spectral bands of interest are th§ NN and N 2P band
timate the energy of precipitation from brightness ratios.  systems that both lie in the near UV region. The most suit-

Romick et al.(1999 provided the first space borne spec- able bands were selected from the overlapping spectral or-
trographic observation of auroral emissions above 600 knders of the echelle that could be transmitted simultaneously
from the Ng IN and M band systems, reporting emissions with sufficient brightness and without excess contamination.

Degen(1981) used new cross sections in the model of
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Table 1. The spectral properties of the five panels of the interference
filter mosaic.
N2 2P (0,3)
Wavelengths Emissions 402.9-408.2 | N2+ IN
(1.2) & (0,1)
Panel1 402.9-406.2nm P (0,3), Hgl 421.6-428.3 nm
Panel2 481.0-487.2nm M Ha
Panel 3 421.6-428.3nm }NlN (0,1) and (1,2) 647.5.661.2 nn
Panel 4 418.6-420.8nm ININ (2,3)
Panel5 647.5-661.2nm oH
Hp
481.0-487.2 nm
These spectral bands are given in Tabl&he mosaic selects N2+ IN
. o 2.3)
orders containing the bands of: 7NN (0,1) at 427.8 nm, 418.6-420.8 nn
(1,2) at 423.6nm, (2,3) at 419.9nm ang ®P (0,3) at I I

405.8nm. Some atomic lines are also seen, namélyaN
423.7nm, G doublet centred at 419 nm, contaminant mer- Fig. 1. The HIiTIES spectrograph is equipped with ax&D mm
cury Hgl at 404.7 nm, all of which are outside the bands of square mosaic consisting of five interference filters. THeeRl of
interest. The it and H3 lines are excited in proton aurora view is on the horizontal axis and wavelength on the vertical axis.
(Galand et a].2004 which is one of the science objectives of

the SIF instrumentl@nchester et 312003. In this study of

resonance scattering we do not analyse the hydrogen emis- 30 - - T - -

; 3X 30X

sions. N2 2P 0,3

Wavelength calibration of the instrument was performed < 25
using data from a period with a bright aurora in the field of f
view. The observed position of identifiable spectral features # 20t
were related to their tabulated wavelengths. The focusing 5 o RS nerin 1z N2+1N 0,1
was optimised for best wavelength resolution in the R-branch % 15}
rotational lines of the l§l 1IN (0,1). A flat lamp was used for 3
intensity calibration of the data. ;ﬁ 10}

A sketch of the rectangular interference filter is repre- g
sented in Figl. The vertical axis corresponds to wavelength 2!
and the horizontal axis translates into field of view 6f 8 L
The three I\j 1N bands are recorded froni 2entred at the 0 L] ' '
magnetic zenith. The adjacen 2P and proton line filters 406 420 - 4z2 424 426 428

\ Rl . W
are centred 2off magnetic zenith. Figur@ shows a typical avelength / nm

auroral spectra used in this study. The prominent emission
In order of increasing wavelength are Hglz BP (_0'3,)’ '\I mosaic filter (excluding the &l and H8 lines). The highlighted
IN (,2’3)’ (1'2_)_ qnd _(0’1_)' The presence of Hgl indicates re'spectral features here correspond in increasing wavelength to Hgl
flection of artificial lighting from the cloud cover above and (req) overlaid from cloudy data, N2P (0,3) (red), 5§ 1N (2,3)

is overlaid on auroral data for comparison. The wavelength(red) ,\g IN R of (1,2) (blue) P of (1,2) (red) and’z‘NlN R of
intervals used for deriving the brightness of the bands argq 1) (biue) and P of (0,1) (red).

highlighted in colour.

The total band intensities were calculated by integrating
the observed spectral brightnesses over wavelength intervals
of 427.9—-4245nm for the l\[ IN (0,1), 4238—4223 nm able noise level to be measured. The longer wavelength side
for the N; 1IN (1,2), 4195—-4200 nm for the I\K 1IN (2,3) of the band head cannot be used as the instrument response
and 4056—406.0 nm for the N 2P (0,3). The background falls off rapidly due to optical vignetting at the edge of the
levels are different for each of the bands and these were meanosaic. The background for,N2P (0,3) is measured be-
sured by taking an average of the spectral brightness outsidaveen the Hgl and the \N2P (0,3) features.
the integrated region. The background brightness pfiN Low brightness and increased experimental uncertainty is
(0,1) and (1,2) was estimated from the longer wavelengthassociated with decreased instrument response in the UV.
side of the ' 1N (0,1) band head. The background for Spectral features other thay NING (0,1) and (1,2) are sub-
N; 1IN (2,3) is determined from the region 4584195nm.  ject to greater uncertainties so that the band structure is dif-
The atomic oxygen lines are very weak and allow a reasonficult to resolve. The N 2P (0,3) and lgr ING (2,3) band

]ing. 2. Sample data from the HITIES spectrograph using a 5-band
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Table 2. Franck-Condon factors fro@ilmore et al.(19922 and Table 3. Einstein coefficients fronGilmore et al.(19922, Lofthus

Lofthus et al (1977P. etal.(19779P, andvallance Jone§1974C.
v " 0,0 1,0 2,0 v, v 0,1 1,2 2,3
N, X-Nz B 8.83-1 1.14-1 2.31-3 84 3.71+6 4.28+6 3.47+6
PN, X-NJ B 8.864-1 1.112-1 2.335-3 DAy 3.48+6 3.87+6  3.03+6
CAyyr 3.35+6  3.81+6  3.13+6
Ay Ay 16.05+6 16.11+6 15.91+6
typically account for only a few percent at most of th§ N bS Ay, 14.0546 13.82+6 13.34+6
ING (0,1) intensity and are situated further into the UV re- €y Ay 15.15+6  15.97+6  16.64+6

gion. N» 2P is all-I1 triplet transition and forms one distinct
band head which makes it easier to detect. The low flat lamp
spectral brightness in the near UV also added some uncer- Loss factors for the |§1 X state are resonance absorption
tainty in the measurements. of solar photons into the higher states and for tijeAand

The rotational temperatures of thg Nvere derived using B states the loss factors are prompt emissions. All states are
the x 2 statistic Jokiaho et al.2008 with the N ING (0,1)  affected by ion chemical losses through collisions. This ion
band profiles. The standard deviation in height integrated rofife time depends on the relevant reaction rate and is height
tational temperatures depends on the excitation conditions. liependent.
also depends on the temperature itself as the intensity distri- An updated ion chemistry model (Palmer, 1995) is used
bution is more dynamic at lower temperatures than at highethat treats Iy as a single species and produces time depen-
temperatures. The overlapping of, Nbands also needs to dent height profiles of the Nmolecular concentration using
be considered at high rotational temperatures. The rotationghe relevant electron impact excitation cross sections and in-
band profiles were acquired by subtracting the correct leveput primary electron spectra. We assume only local produc-
of background output from the statistical process. tion of N; We also do not take into account ionisation by

photoelectrons or excitation fromJNX to A and B by soft

3 Theoretical approach electrons Degen 1987,

. .. 3.1 Directexcitation
The N; 1IN band system results from simultaneous ionisa-

tion and excitation of the pX state via electron collisionsto  Tpe production of ions in different vibrational levei$ of
the Nj B state followed by radiative de-excitation to the ion -+ X, A, B states is given by
ground state. During non-sunlit conditions, the emission is 2
proportional to the ionisation rate. ngﬁ,ﬁv,, o =

The NE’ ion ground state is an efficient scatterer of solar ’
photons. The molecules in the X state that are sunlit above/ nyr f(E)o(E) e (X, B, A) qu—v' vy dE (2)
the shadow height are excited to thg I and Nj B states  **
through a resonance process, resulting in increased brightwherenf’v,,,_w,, ) is the production rate ofgilinto levelv’
ness in the Meinel and the 1N band systems respectivelypr " from a particulan””, i, is the concentration of ground
Following Broadfoot(1967 andDegen(1981), we consider  state Ny molecules,f (E) is the incident electron differential

excitation and de-excitation of vibrational levels OIN, A, energy flux,c¢(E) is the total electron ionising excitation

B states to determine the brightness of the 1N bands in sunligross section of the Nground state to all three ion states and

aurora in different conditions. gy is the Franck-Condon factor for each level. We
The time dependent population of the vibrational levels in usecs (X, A, B) to describe the ionisation efﬁciency, given

the X, A and B states is described by by the branching ratios between the production rate of X, A

dn _ and B states, which are 0.50, 0.39, 0.11, respectively (Rees,

YT Production-Losses 1) 1989). The standard prime convention is used to describe vi-

brational levelsy”” relates to the WX vibrational levelsp”
Sources of the [l X state include direct excitation from the relates to the [l X vibrational levels and’ relates to the ex-

N> X state via electron impact and radiative transitions from cited N; A, B vibrational levels. Franck-Condon factors are
the Nj A and B states. Sources for the A and B states alsaaken fromGilmore et al.(1992), listed in Table2 for three
include direct excitation via electron impact from the X N; B vibrational levels from the’”’=0 vibrational level of
state. Another source for the exciteg‘ M and B statesisthe N, X. Franck-Condon factors fromnofthus et al. (1977 are
resonance absorption of solar photons from tge)(\ground also listed for reference. At vibrational temperatures above
state vibrational levels. 1000 K, higher vibrational levels need to be considered.

Ann. Geophys., 27, 3463478 2009 www.ann-geophys.net/27/3465/2009/
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N2+ X, A, B vibrational levels

100 '

(0

80 F 3

o
(@]

D (03]
(@] @]

percentage distribution of population within X, A and B states

ion life time / (log 10) s

Fig. 3. Vibrational distribution of ion states as a function of
ion chemical lifetime, for7yj,=100—-10000K in steps of 1000 K
(Tyip=1000 is highlighted in black and is very closeTg,=100):
(a) v"=0-5 for NJ X, (b) v""=0-5 for NJ A and(c) v"=0-3 for
N3 B.

If the total ion production rate is known, e.g. from the ion
chemistry model, Eq2) can be rewritten as
n?v///_w”’v/) =¢& (X» Bv A) q(v’”—)v”,v’) 777\,; (3)

wheren;fv+ is the total production rate ofj\l
2
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N2+ A and B-state vibrational levels
R T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| T

v=0 3
v=1 ]

percentage of total ion population

| IIIIIII| | lIIIIII| | IlIIIII| | IIIIIIII |

(| IIIIII|

-1 0 1 2 3
ion life time / (log 10) s

Fig. 4. Vibrational distribution of ion states in levelé=0-5 of the

N'{ A state and vibrational levels'=0—3 of the B state with
respect to the total population in all X, A and B states as a function
of ion chemical lifetime. Tyjp,=100-10 000K in steps of 1000 K
with Tyjp,=1000 highlighted in black.

3.2 Resonance absorption of solar photons

When l\g molecules in the X-state are sunlit, resonance ab-
sorption of solar photons results in excitation raténto the
A and B ion states.

s me? 1 A%
r]v,,_)v, = ﬂFv//av/ fv”%v/ _— — Ny
mec 4meg ¢

(4)
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N2+ lon life time vibrational level of the Igr A, B and X states, as described in
S00F ' ' ' ] Egs. (1), (12) and (L3), respectively, where the gain and loss
] terms are as previously described. These balance equations
400F E can be regrouped as a linear system of equations in the form
e : of
anof E ZiMijn; = nf (8)
;3 2005_ 3 where M;; is the_ matrix characte_rising productior! and
; ] loss processes;; is the concentration of each particular
; ] electronic-vibration level andf’ is the direct production rate
100F 3 of each electronic-vibration state due to auroral precipitation.
: ' ' ' ] This equation can be solved by matrix inversion

107 1072 10° 10? 10*
lon lifetime L -1.d
nj=M;"n; 9)

Fig. 5. lon lifetime derived from the ion chemistry model using to provide equilibrium concentrations of all considered

the MSIS atmospheric thermal model for a typical atmosphere afg|ectronic-vibration states. Absolute values of the densities

07:00 UT in January over Svalbard with,, index of 7 and solar  of the states are proportional to the total ionisation rate as the

radio flux f107av of 77. system is considered linear, while the ratios of densities are
constant and are given by the molecular constants, solar flux
and ion lifetime.

where 7w F,_,, is the solar flux per unit Wa\/e]ength The Steady state equilibrium density distribution within

[photons m2s~Xm~1], £,/ is the absorption oscillator the Nj X, A and B states are plotted in Figa, b and ¢
strength,,’%i 4n1€0 A?Z [m3] is the photon absorption cross &S a function of ion lifetime assuming the |onosph(_are is sun-
. et o7 ] ) . lit. The percentage population of,Nin the X state is plot-

section multiplied by the line width. The factdf is for  teq for vibrational levela”=0—5, in the A state for vibra-
conversion from spectral flux per unit frequency to flux per tjona| levelsy’=0-5 and in the B state for vibrational lev-
unit wavelengthz, is the concentration oflz‘ilintheXstate els v’=0-3. At high altitudes the long ion lifetime allows
vibrational level". more scattering to take place and is therefore dominated by
resonance absorption, whereas at low altitudes the short ion
lifetime enforces a distribution that is dominated by direct
Radiati . excitation. The vibrational distribution that follows from the
adiative transitions to the}\IX state are loss processes for latter d d the vibrational t cofth X
the A and B states. The emission rate in a particular band o er depends on the vibrationa _emperaﬂ]ﬁgo e .
given by the Einstein coefficient as follows state. This is |nd|_cated in the figure by the expansion of
the coloured lines in the range of 1000 000K in steps of

3.3 Emission processes

Ny v’ = Ay Ty (5)  1000K. The values fofyip=1000 K are highlighted in black,
and are close to those f@{;,=100 K.
Total radiative loss for a given' state is Although about half of the ions are produced in the A and

5 B states, they immediately radiate into the X state so that at
M = T Ay ity ®)  any given time nearly all the ions lie in the X state, from
with the emission in each particular band given by theWhich resonance absorption takes place. The fragijorf
branching ratio A and B state vibrational level populations with respect to
the total N/’ concentration can be found from the relation

bv/_)v// =

Ny v _ Av’—)v” (7) y(A.B)
= . v'(A,
Ny Zv” Ay Pv = . (10)
ZU’,U” nv”v”
Einstein coefficients are available from several sources. We

have used the most recent valuesGifmore et al.(1992. Figure4 describes how this fraction varies wit_h ion Iif_etime.
These are given in Tablg along with those fromLofthus As expected, at steady state and at longer ion lifetimes the

et al.(1977) andVallance Jone§1974 for comparison. density builds up in the X state so that only a very small frac-
tion of the total density is maintained in the A and B states

3.4 Steady state solutions via direct excitation. At long ion lifetimes the B state con-
tributes only a fraction of 1 and the A state a fraction of

Equation () can be solved in a time dependent manner,10~* to the total ion content.

which is outside the scope of this paper. Settﬁﬁjgto zero

we perform calculations for steady state conditions for each

Ann. Geophys., 27, 3463478 2009 www.ann-geophys.net/27/3465/2009/
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Volume emission rate N2+ 1N (0,1)(1,2)(2,3)

Hllll T IIIIIIII T llllllll T llHllIl

N TOTIN T llllllll T IlllHll T lll”ll‘ T IIIIHII T IHIIHl T lllHlIl T Illlllll
e N

(0,1) | Resonant absorption emission

_____ (1,2)

400

W
o
@]

Height / km

200

100 T

| IIIIIIII 1 IIIIIlI| 1 IIIHII| 1 IlIIIIIl 1 IIIHII| 1 IJlIIHl 1 IIII\II| 1 IIIIlII| 1 IlHIIIl 1 IIIIIIl| 1 IIIIIII| 1 IlHIIIl
10° 10% 107 108 10° 10% 107 108 10° 10% 107 108
Volume emission rate / ph/s/m3

Fig. 6. Synthetic volume emission rates ogrl\(o,l) (solid),(1,2) (dashed) and (2,3) (dot-dash) corresponding to input energies of 100eV,
1keV and 10keV for 30 s. Emission rates from direct excitation are in grey and resonance scattered emissions are in black. The steady stat
boundary for this condition is drawn at height B.

Z E(A)Q(v”’—w’) 77;1\/3— Z S(X)Q(v”’—w”) 77%; + Z Av’—)v”nv’
U/// v/// v/
2 2 2 2
me 1 A e 1 A Ny
F// i 7" _ " = 71,’F// ’ 7" i —n //—|-— 13
+;7T v'—=v fv —v mac 47T€0 c ny ; v'—=v fv —>v moc 47'[60 c v T ( )
n,/

= Ayymny + Tv (11) 3.5 Volume emission rates

Z 8(B)Q(v”’—>v’)77d . Following from Eq. B8) the volume emission rate from vibra-
o N, tional levelv’ in the A or B state to vibrational level’ in the

v
X state from direct electron impact excitation is given by

mec dreo ¢ 15 —vamﬂ,bvw [ph/m®/s] (14)

= ZAU ey + 7 (12)

+ E TFy sy forsy

The production ratenv,,,_w, is summed over the NX
state levels. However, this has an insignificant effect for
Tyib<1000K as the great majority of ions lie on the zeroth

vibrational level.
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emission is drawn in black and direct excitation emission in
grey. It is evident from these results that the photon scatter-
ing contribution becomes increasingly significant at energies
below 1 keV. The height labelled B represents the steady state
boundary.

In order to compare the modelled emissions with those
measured, we now consider how the modelled total bright-
ness in each of the three bands of interest varies with shadow
height. In Fig.7 the total brightness is plotted for three pri-
mary electron input energies. It can be seen that the enhance-
ment from resonance scattering increases with decreasing
L 1 energy. For example, for electron energies of 100eV (blue
1 10 100 1000 curves) at steady state, the brightness of the (2,3) band in-

Band brightness / R creases by two orders of magnitude as the shadow height
decreases from 400 km to 250 km. The effect is similar for

Fig. 7. Band brightness as a function of shadow height for primary the (1,2) band, but to a lesser extent; for the (0,1) band the
electron energies of 100eV (blue), 1keV (green) and 10 keV (red)brightness increases by an order of magnitude. For higher en-
for the NZ+ bands (0,1) (solid line),(1,2) (dashed) and (2,3) (dot- ergies (green and red curves) the increase in brightness with
dash). decreasing shadow height is less pronounced, being almost
negligible for energies of 10 keV, due to the short ion life-
time at these heights.
Using Eq. @) the volume emission rate from vibrational The t'otallbrlghtness rat'|os (2/4p,1) and (1’2»(0’1) are

A N P plotted in Fig.8 as a function of shadow height and using a
level v" in the A or B state to vibrational level” in the X . . )

range of input energies, and 6, of 1000 K. The ratio re-

state due to resonance absorption of solar photons is glVers1ulting from direct excitation is independent of energy, and is

_(0,1)
---(1,2) T
—...-(2,3) 1

100eV ]

10keV ]

N W B
o o o
(@] (@] (@)
T T T
Ve
/

Shadow height / km

100 F

1 - 1 3 1 I

by 0.01 for (2,3Y(0,1) and 0.18 for (1,2)0,1). With the inclu-
Ly = (Z M, by [PHYM/s] (15)  sion of resonance scgttering the_ ratios become a function of
v energy, increasing with decreasing electron energy. For en-

where the summation in this case is over all vibrational levels€r91€S below 100 eV the brightness ratio of (2(8)1) ratio

V" of the N}’ X state. The production ratg,.__ , strongly is greater than 0.17, and the (1,@),1) is greater than 0.42.

depends on the distribution of vibrational levels in th?)(l The contribution of resonance scattering to observed

state and consequently greatly affects the vibrational distri—helght integrated §l IN emissions depends on shadow

bution in the excited states. The total emission rate is giverpe'ght’ electron energy and the ba_nd In question. Figure
shows the enhancement of total brightness compared to that

b ) . o .
y resulting from only direct excitation for the three bands of in-
1,593'1// =ny} Pu Ay [PHYM3/s] (16) terest. Two effects are .noticeable. _Firstly, t.he resonance ab-
. ] . sorption enhancement increases with the vibratiohkgvel.
wheren .+ is the total ion density. Secondly, the maximum enhancement is reached when the

The ion chemistry model is run for a constant energy flux shadow height is below the height of peak ion density. For
of 1 mWi/n® and for different monoenergetic electron energy low energies the enhancement starts at higher altitudes and
distributions in the range 100eV to 10keV to calculate thealso reaches a maximum at higher altitudes.
ion production rate and density ofjNas a function of time
and height. Figuré shows the ion lifetime resulting from 3.6 g-values
the ion chemistry model using input from MSIS atmospheric
model for a typical atmosphere at 07:00 UT in January overScattering has been characterised by the g-vallainber-
Svalbard withA, index of 7 and solar radio flux f107av lain, 1961), which is defined as the number of photons scat-
of 77. tered per second per unit atom if there were no deactivation.

Volume emission rate profiles were obtained for direct ex- In the present work the g-value should characterise resonance
citation of 30 s to reach steady state at heights up to 300 knscattering per molecular}\lion. A problem lies in that dif-
using Eg. 14), and for resonance scattered emissions withferent vibrational levels of @ X have different resonant ab-

a sunlit ionosphere, using EqlY). The resulting profiles sorption efficiencies. These efficiencies are presented in Ta-
are shown in Fig6 for three monoenergetic primary elec- ble 4 for the 1N band system. Furthermore, the vibrational
tron spectra of 100eV, 1keV and 10keV. The bands of in-distribution in the I\}L X levels depends on the initial distri-
terest are ISI 1IN (0,1), (1,2) and (2,3) plotted with solid bution from direct excitation and the re-distribution by reso-
line, dashes and dot-dash respectively. Resonance scatteradnce absorption, which is a function of ion lifetime. Hence,

Ann. Geophys., 27, 3463478 2009 www.ann-geophys.net/27/3465/2009/
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Fig. 8. Band brightness ratios as a function of shadow height for different primary electron energie§ o K2,3)/(0,1) (left) and
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range of input electron energies.

it is possible to quantify a g-value for a particular vibrational
level for a specific height, but it is impossible to assign a sin-
gle g-value for the total g population.

100

Table 4. Ng X resonance absorption efficiencies t§ B in units
of [ph/s] per ion in the X state.

+ /_ /_ ’_ /_

3.7 Rotational temperatures Nz 1N v=0 v=t V=2 V=3
v/ %=0 824Q-2 199%-2 253%-3 528%-5
As detailed inJokiaho et al(2008, rotational temperatures ”Z #=1 607%-2 221%-2 3246&-2 57073
of the Nj 1N bands are related to the temperature of the par- v =2 256&-2 665(-2 4716-3 318%-2
. . . . V' % =3 7.38%-3 4793F-2 530%-2 1827-4
ent neutral p_opulatlon. As this temperature is strongly height o =4 203%-3 1874-2 5855-2 37900-2
dependent, it can be used to assess the energy of the electrons v, _g _ 6.711c-3 318%-2 558%-2

creating auroral emissions. In sunlit aurora the rotational

temperatures estimated from the height-integrated spectra
will be enhanced for two reasons. Firstly, resonance scat-
tering produces the strongest enhancement in the aurora at

www.ann-geophys.net/27/3465/2009/
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900 ' ' I The lower range in both cases is somewhat higher than the
800 A E theoretical values, but this may be accounted for by the value
E TTYR of vibrational temperature being too high at 1000K for au-
700EF N E roral heights. The ratio of Nto N; emissions in the third
A AN panel is inversely proportional to the enhancement of the ion
E Shadow height / km A E| .. . .
600F 100 \ E emission in resonance scattering. As we do not model the

2P bands, only relative variations are of interest. The fourth

T

Height integrated Tr / K

200 g e N E panel shows clearly that the rotational temperatures are en-
400F \\\ 3 hanced for low shadow heights. The 1N ratios also increase
N\, with decreasing shadow height.
300F ‘\\ E In Fig. 11b the effect of local time is apparent immedi-
200F L N ately, with two distinct populations seen in all four panels.
100 1000 10000 Most of the data with shadow height below 250 km occur
Electron energy / eV between 04:00-10:00 UT when Svalbard is under the morn-

ing oval and in the cusp. The 1N ratios in the two top pan-
Fig. 10. Height integrated rotational temperature profiles as a func-€lS demonstrate an increasing ratio with decreasing shadow
tion of primary electron energy and shadow height. height, which follows the increase of UT. In the third panel it
is noticeable that the ratios ofo;No Nj emissions are much
lower in the morning hours than the evening, indicating the
effect of increased emission from scattering. The rotational
the highest altitudes, where the neutral temperature is greatemperatures are clearly higher during the morning hours, as
est. Secondly, after multiple scattering, the rotational tem-seen in the bottom panel, and again there is some indication
perature will tend to the spectral temperature of the solafof ordering with shadow height. The population from the
spectrum as it is in a collisionless environment. Completeevening aurora between 18:00-23:00 UT is when the statis-
modelling of the distribution of rotational intensities is out- tical oval is overhead on Svalbard. The 1N ratios are lower,
side the scope of this paper, but the lowest limit to an esti-and the rotational temperatures are lower, corresponding to
mated rotational temperature can be obtained by assumingoth high shadow heights and more energetic precipitation.
that the N population retains the rotational distribution of  In order to study these separate populations in more detail,
the parent N population (i.e. without taking account of re- the data have been ordered with band brightness in1g.
distribution in resonance scattering). In Fid.this variation  using the same format for the ratios and rotational temper-
of rotational temperature with shadow height and input en-ature, and using colour to display the shadow height. The
ergy has been estimated using the theoretical model resultglata on the left are from 03:00-11:00 UT and those on the
A synthetic spectrum is obtained from the model emissionright are from 19:00-01:00 UT. During the evening and night
rate profiles for different input energies. These spectra are inhours the ratio of 1N (1,2)/(0,1) in the top panel of Figh
tegrated in height and fitted over the same wavelength rangéecreases as the brightness increases, which is the possible
as the observations to find the rotational temperature. The efeffect of increasing energy with increasing brightness. The
fect on the rotational temperature of different shadow heightssecond panel of Figl2b is more noisy, so no trend is seen.
is shown in colour. In both these panels there are some higher values of ratios
associated with lower shadow heights. The third panel of
Fig. 12b is as expected for the ratio of the neutral td N;
4 Experimental results The constant proportionality is seen, with little effect from
sunlight. The spread of data points reduces with increased
An overview of the data used in this study is shown in two brightness, with the data converging on the constant value of
different representations in Figl. In Fig. 11a the data are about 0.04. In the bottom panel of Fit2b there is a trend
plotted against local time in day after 1 January 2007. Into lower rotational temperatures with increasing brightness,
Fig. 11b the same data points are ordered with hours UT. Inagain indicating a relationship between energy and bright-
each part the data are presented in four panels: three ratiogess.

Ni 1IN (1,2)/(0,1), N 1IN (2,3)/(0,1), N 2P (0,3)/N 1N The morning and cusp hours shown in Fi@a are very
(0,1) and rotational temperature. All the data in this sectiondifferent from the evening hours. The enhanced ratios are
are ordered by shadow height using colour coding. clearly organised by shadow height in the top two panels.

From the first set of figures in Fig.1a it can be seen that There is a distinct group of data points associated with a
the values for the 1N ratio (1,2)/(0,1) in the top panel are inshadow height of-400 km with low ratios and high bright-
the range (—0.4 and those for the 1N ratio (2,3)/(0,1) are ness, which follow the nightside distribution. For these data
in the range M1-0.3. These values can be compared with the aurora is dominating the resulting ratio values. In the
the theoretical values of Fi@, and are in good agreement. third row of panels the scatter in the ratio of kb Ng‘ is

Ann. Geophys., 27, 3463478 2009 www.ann-geophys.net/27/3465/2009/
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Fig. 11. (a)Ratios of l\g 1N (1,2)/(0,1), (2,3)/(0,1), N 2P (0,3)/1N (0,1) and rotational temperature as a function of number of days since

1 January 2007. Solar shadow height (excluding screening height) is shown in dbloRatios of Né’ 1IN (1,2)/(0,1), (2,3)/(0,1), 2P

(0,3)/1N (0,1) and rotational temperature as a function of universal time. Solar shadow height (excluding screening height) is shown in
colour.

greater for the morning hours than for the evening hours. In Finally the 1N ratios (1,2)/(0,1) have been plotted ver-
both cases the high ratios are a result of the larger experimersus rotational temperature in Fity3 for the morning hours

tal uncertainty for lower brightnesses. However, it is signifi- 03:00-10:00 UT. The high temperatures up to 1500K are
cant that there is a range of ratios below the constant value dfound for low shadow heights and high ratios. The minimum
approximately 0.04 seen on the night side. Ratios as low asemperatures estimated in Fit) from our simple model are
0.01 are seen. These values indicate an enhancemelj’[ of Nbelow 1000K for all energies and shadow heights, so there
which can be estimated from the theoretical values in &ig. is a strong effect from scattering which requires more careful
for N}“ 1IN (0,1) as a four-fold increase. Our steady stateanalysis. Such high temperatures suggest considerable redis-
assumption allows us to estimate the characteristic electrotribution between the rotational states.

energy required to produce the enhancement assuming the

shadow height is known; e.g. for shadow heights of 200 km _ i )

and 300km such ratios were found to correspond to elec® Discussion and conclusions

tr;): e?g?rg;eslg;i?]%\?v\; ?ch 3%3V,Sr§?[£f2veé)i/r.];r}§ rbr%t:;)_ml'he aim of the present work is to assess and quantify the ef-
P 9. group P (ffcts of resonance scattering ogL NIN emissions at high lat-
[

tional temperature versus brightness during the morning an .
cusp hours: one low energy, high temperature (low shadow, udes. The theoretical treatment of Sect. 3 solves the balance

) : ._iequations for steady state to give the populations of all the vi-
heights) an_d another higher energy, lower temperature (hlg%rational levels of the l§l X, A and B states, and hence, using
shadow heights).

an ion chemistry model, the emissions from direct excitation

www.ann-geophys.net/27/3465/2009/ Ann. Geophys., 27, 34%6H8-2009
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and from scattering, with changing shadow height. The main
result of this work shows that for shadow heights above about
400 km the 1N bands and their ratios are almost unaffected,
but for shadow heights below 150 km (i.e. fully illuminated)
there are significant enhancements which increase with de-
creasing energy. At very low energies of 100 eV the increase
in brightness is found to be a factor of 10 (Fig.

The variation in the ratios of the 1N bands have been mod-
elled for (1,2)/(0,1) and (2,3)/(0,1) for several input energies,
and as a function of shadow height, in order to compare with
the observations from more than two winter months. The ob-
served ratios have a lower limit than the theoretical values,
which can be explained by the choice Af, in the mod-
elling. We have chosen a vibrational temperature of 1000 K
as a conservative estimate. It can be determined fromdFig.
that the ratios will decrease with a smaller valuelgf, as
seen in the relative populations shown in F3g. The non-
;s,unlit NZT 1IN (1,2)/(0,1) ratio was measured Mallance
Jones(1974 as 0.1290, and the (2,3)/(0,1) ratio as 0.0017.
These values are both smaller than our theoretical ratios, but
in the range that we observe.

The main result of the present work is that the ratios of the
1IN bands are a function of energy under sunlit conditions.

www.ann-geophys.net/27/3465/2009/
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The observations in this statistical study do not give an inde-other is a time dependent study of the effects of scatter-
pendent estimate of electron precipitation. The results froming. When the lifetime of the @ ion becomes comparable
previous observations of the magnitude of the effect of res-with the scattering timescale, and with timescales of tempo-
onance scattering make claims of specific percentages. Mal variations in the aurora, the steady state solution poorly
is clear from the present work that such numbers as 56%lescribes the reality. An interesting implication is that the
quoted by other observers are not valid without knowledge ofsun-illuminated I\}L population at high altitudes serves as a
the energy spectrum of the precipitation that has excited andmarker” of the F-region plasma, in a way similar to the
ionised the nitrogen molecules. Over the two months of 24 hmetastable O population, opening the possibility for direct
of twilight and solar illumination that we have measured, the optical observations of plasma flow3ghlgren et a].2009.
emissions are clearly from a large range of energies, i.e. from
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In order to determine the effect of resonance scatteringResearch Council. D. Lummerzheim provided much valuable in-
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these important emissions. There are clear events within the
present observations that will be used for future case stud-
ies. One event can be readily distinguished in the overviewR
plots of Fig.11 between 05:00UT and 06:30 UT. This was

a period of continuous electron precipitation on 14 Febru-gaes p. R.: The emission of the negative system of nitrogen from
ary 2007. During this time the ratios of;N(1,2)/(0,1) and the upper atmosphere and the significance of the twilight flash

(2,3)/(0,1) were steadily increasing whilst the rotational tem-  in the theory of the ionosphere, Proc. R. Soc., A196, 562—591,
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not only through the peak in the emission profile shifting to

) ] ; ’ ) for ground-based visible airglow and auroral studies, J. Geophys.
higher altitude with higher corresponding neutral tempera- Res. 106, 30337—30348, 2001.

tures. Values of ot in excess of 1000 K suggest considerable chamberlain, J. W.: Physics of the aurora and airglow, Academic
redistribution between the rotational states. In order to cal- Press, p. 424, 1961.

culate the full effect, a complete model is required which in- Dahlgren, H., lvchenko N., Lanchester, B., Ashrafi, M., Whiter, D.,
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