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Abstract. The solar proton event of October 1989 and es-their hydrates. The main reaction path leading from the ini-
pecially the sunset of 23 October is examined in this studytial O, to these “terminal” ions involves neutral ozone, car-
of negative ion chemistry, which combines measurements obon dioxide, and nitric oxide, and the formation of interme-
nitric oxide, electron density, and cosmic radio noise absorpdiate ion G (Reid 1987). Negative ions are present at al-
tion with ion and neutral chemistry modelling. Model re- titudes below 80 km, where the atmospheric density is high
sults show that the negative charge transition from electrongnough so that the 3-body reaction of EL).i§ efficient. The
to negative ions during sunset occurs at altitudes below 80 knbbalance with electrons is then determined by electron detach-
and is dependent on both ultraviolet and visible solar radia-ment reactions, such as
tion. The ultraviolet effect is mostly due to rapid changes ~—
in atomic oxygen and QlAg), while the decrease in ND O, +0—~0s+e )
photodetachment plays a minor role. The effect driven byMost of the balancing reactions depend on the solar light,
visible wavelengths is due to changes in photodissociatiorsuch that at night the electrons nearly disappear from alti-
of CO; and the subsequent electron photodetachment froniudes below 80 km and negative charge is held largely by the
O, and at higher altitudes is also due to a decrease in théons. During sunset, there is a transition of negative charge
photodetachment of D The relative sizes of the ultravi- from electrons to negative ions, and a reverse transition oc-
olet and visible effects vary with altitude, with the visible curs during sunrise. Any realistic modelling of the D-region
effects increasing in importance at higher altitudes, and theyonosphere requires consideration of negative ion chemistry.
are also controlled by the nitric oxide concentration. These The transition of negative charge is driven by solar light.
modelling results are in good agreement with EISCAT inco- Of those ions that are neutralised by photons, onlyN@s
herent scatter radar and Kilpisyi riometer measurements. such a high electron affinity that ultraviolet (UV) radiation is
required Collis and Rietveld199Q and references therein).
Other ions, such as CQ are also affected by electromag-
netic radiation at visible (VIS) wavelengths. Furthermore,
indirect solar effects, driven by UV radiation, are also present
during transitions, because changes in atomic oxygen and
02(*A,) affect reactions like the one given in E®)( A
1 Introduction transition should therefore display dependence on both UV
and VIS light but the relative magnitudes of these effects are
Negative ions are a feature of the D-region ionosphere, whergxpected to vary with altitude and are also controlled by ni-
they hold a substantial portion of the negative charge. Negtric oxide (NO) concentration, which determines the balance
ative ion chemistry is initiated by electron attachment to petween the main ions Npand CQ, (Reid, 1987. The re-
molecular oxygen maining uncertainties in the photochemistry of negative ions
_ and the high variability of NO in the auroral regions make
O2+e+M—0; +M 1 modelling of this transition quite challenging, especially be-
after which subsequent reactions form other ions, includ-Cause in-situ measurements of negative ion concentrations
ing complex clusters (see, eldargreaves1992 231-233). arerare. .
Based on laboratory work and in-situ measurements, the 1€ October 1989 Solar Proton Event (SPE) is one of the

main negative ions are expected to be;Cand NG, and IargestSP_‘E_s ever observed. During an SPE, high-energy pro-
tons precipitate into the atmosphere, down to mesospheric

Correspondence td. T. Verronen and stratospheric altitudes, causing both ionospheric and
(pekka.verronen@fmi.fi) neutral atmospheric changes (see, ¥agronen et a.2005
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and references therein for more information on neutral atmo-cosmic rays. The model includes molecular and eddy diffu-
spheric effects). lonization due to SPEs typically has a maxsion in the vertical direction. For a recent detailed descrip-
imum around the stratopause region (ionospheric C-region)tion of the model, se¥erronen et al(2005 and references
where the quiet-time ionization due to galactic cosmic rays istherein. Figurel presents a diagram of the negative ion re-
relatively weak, and covers the magnetic polar cap area moraction paths considered in the SIC model. Note, however,
or less uniformly. Earlier work on the October 1989 SPE hasthat photodetachment and photodissociation reactions are not
addressed both the ionospheric and atmospheric effeéts.  shown in the diagram.

etveld and Collig1993 have studied ionospheric character-  For this study, two new neutrals were added as unknowns:
istics using Incoherent Scatter (IS) radar spectral measureOz(lAg) and HO,. Both of these have strong diurnal vari-
ments, whileReid et al.(199]) and Jackman et al(1993  atjon in the stratosphere and lower mesosphere. The chem-
have investigated the production of N@dd nitrogen) and  jcal scheme was updated accordinglya () is produced
subsequent loss of ozone. by photodissociation of ozone and is then deactivated in a
The sunrise/sunset transition effects during this particularreaction with molecular oxygen or by quenching (see, e.g.
SPE have been studied Byllis and Rietveld1990 anddel  Brasseur and Solomoft986. The reaction rate coefficients
Pozo et al(1999. Based on electron density measurementsfor the loss reactions were taken frddander et al(2003
by IS radarCollis and Rietveld1990 concluded thatat sun-  and Thomas et al(1983, respectively. Note that the ionic
rise the electron release from negative ions is due to UV phoreactions of Q(lAg) were already included in the model and
todetachmentdel Pozo et al(1999 studied the rapid change are given byTurunen et al(1996. For HO,, we added the
in IS radar spectral width during sunset and underlined thggsg by photodissociation using cross sections f@ander

importance of atomic oxygen in the negative charge balanceet al. (2003. The other reactions important to,8, were
On the basis of these studies, it seems that both the changegready included in the model.

in solar illumination, as well as the changes in neutral atmo-
sphenc c':gnstltuent's. must be 'taken !nto accognt when mOdZ.l Modelling of the sunset of 23 October 1989
elling twilight transitions. Typically, ion chemistry models

take the neutral atmosphere as a static background and are ] ) o )
therefore not well suited for transition studies. The modelling started with an initialisation of the model, i.e.

In this paper, we study the sunset transition of 23 OctobefN® same day (mid-October conditions) was modelled over
1989 at a high-latitude location during a solar proton event.2nd over again until a repeatable diurnal cycle was reached.

Our tool, a coupled ion and neutral chemistry model has! Nis initialisation then provided the starting concentrations

been updated for transition studies and is used to interprel?” the SPE modelling, which was run from 18 October,

electron density, cosmic radio noise absorption, and nitriCOO:OO UT (about 37 h before the initial onset of the SPE) until

oxide measurements. We will show that the model, takin923 October, 24:00 UT. lonization rates due to proton precipi-

into account the changes in the neutral atmosphere, as welfion were calculated using proton flux measurements of the
as the changes in the electron photodetachment processes FPES-7 satellite as input, in the manner described/éry
able to represent the sunset transition with reasonable suOnen et al(2005. For the present study, the location of all
cess, in agreement with the measurements. The model rdnodelling is that of the EISCAT VHF radar in Tromsg, Nor-

sults are used to discuss the relative importance of differenfv@ (69.59 N, 19.23 E). The model was run for a restricted
processes contributing to the transition. altitude range of 20-120 km instead of taking the default up-

per limit at 150 km, and the results were saved with a 5-min
time resolution.

2 SodankyB lon Chemistry model The SPE started in the afternoon (UT) of 19 October

1989. Measured fluxes of high-energy protons peaked dur-
The Sodanky lon Chemistry model (SIC) is a 1-D chemical ing the next day, with theE>30MeV proton flux reach-
model designed for ionospheric D-region studies. The modelng values higher than $on—2s~1sr-1, which means an in-
was applied first byBurns et al(199]) in a study of EISCAT  crease by 5 orders of magnitude above the quiet-time values.
radar data, and thereafter by, for examglarunen(1993, Subsequent peaks occurred on 23 and 25 October, with the
Rietveld et al.(1996, Ulich et al. (2000, Verronen et al.  >30MeV proton flux values exceedingi®—2s 1sr1. At
(2002, andClilverd et al.(2005. A detailed description of the D-region altitudes, the calculated ionization rates from
the original SIC model, in which only ion chemistry was con- the onset of the event until the end of 23 October varied be-
sidered, can be found ifiurunen et al(1996. The latest tween 18 and 16°m—3s1. Thus, the ionization due to the
version solves time-dependent concentrations of 63 ions, iNSPE clearly exceeded the quiet-time ionization sources (see,
cluding 29 negative ions, as well as 13 neutral specie¥R})( e.g Hargreaves1992 p. 230). In the model, we have ne-
O(D), O3, N(*S), NED), NO, NO,, NO3, HNO3, N2Os,  glected the ionization by hard X-rays (0.1-0.8 nm), a highly
H, OH, and HQ) between the altitudes of 20 and 150 km, variable source which can significantly contribute to the D-
with a 1-km resolution, taking into account several hundredregion ionization. However, during a strong SPE it is rea-
chemical reactions and external forcing due to solar radiatiorsonable to assume that the ionization is dominated by the
(1-422 nm), electron and proton precipitation, and galacticprecipitating protons.
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Fig. 1. Block diagram for the negative ion scheme of the SIC model. The various ions in the blocks are either the reactants or the final products
of the reactions sketched by the connecting arrows. The arrows are labelled with the neutral constituents taking part in the reactions. Note
that photodetachment and photodissociation reactions are not shown.

We are especially interested in the sunset of 23 Octobeexpected to affect ozone in the upper stratosphere, an HO
because of the EISCAT measurements made between 12:08crease will lead to an ozone depletion at D-region alti-
and 18:00 UT in a special lower D-region mode. However,tudes. Ozone changes have an effect, e.g., on the produc-
it is important to model the whole history of the event be- tion of O, which is an important intermediate ion for the
fore the radar experiment, because changes in the neutral aterminal” ions CO; and NQ;. The twilight transition of
mosphere caused by the SPE, which can be cumulative angegative charge will also be affected, because ozone is in a
long-lasting, are likely to be important to the sunset transitionphotochemical balance with atomic oxygen and is the source
characteristics. Odd nitrogen (NEN+NO+NQ,) is pro-  of Op(*A,), both of which are involved in electron detach-
duced in significant amounts through dissociation of molec-ment reactions. Further, the ozone depletion is expected to
ular nitrogen via particle impact and ion chemistBuéch  be strongest during sunrise and sunset tirvesronen et aJ.
etal, 1981). Also odd hydrogen (HE=H+HO+HQ,) is pro- 2005. With our combined ion and neutral chemistry model,
duced, through hydrate ion chemistry following the ioniza- we are able to account for the neutral atmospheric changes
tion (Solomon et al.1981). As already mentioned, NO plays caused by the SPE.
and important part in determination of the ion balance. In .
addition, enhancements in N@nd HQ, subsequently lead During the sunset of 23 QOctober, the proton fluxes

to an ozone decrease through catalytic reactions (see, e.ﬁéayed relatively constant, although at a highly elevated

: . | when contrasted with quiet-time levels. At altitudes
Brasseur and Solompri986 p. 291-299). While NQ is Ve e
0 6p ) @ above 65 km the calculated ionization rates, based on GOES
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Fig. 2. (a) Solar zenith angles for the sunset of 23 Octob@) Calculated scaling factors for UV-dependent reaction rate coefficients.
(c) Same as (b) but for VIS-dependent reactions. The same contour lines are shown in both (b) and (c), but for practical reasons only two of
the lines are labelled in the bottom panel.

measurements, show a steady reduction by 5-15% betwee318 nm Reid, 1987, while for photodetachment and pho-
12:00 and 18:00 UT. Therefore, the sunset transition undetodissociation of other ions the integration is done from 99
study was not significantly disturbed by sudden changes irto 422nm. Figure2 shows the calculated UV-dependent
the proton forcing. (<318 nm) and VIS-dependenk$22 nm) scaling factors

In the SIC model, photodetachment is considered for O (FEO), as well as the solar zenith angles for the sunset of
O;, O3, OH7, CG;, NO,, and NG, and photodissocia- 23 October. The UV and VIS wavelengths are attenuated
tion for O3, O, CO;, CO;(H20), and CQ. The pho- differently, especially at high solar zenith angles. UV attenu-
todissociation of CQ (and CQ; (H,0)) is important for twi- ation is strong and during sunset Uy fluxes gradgally reduce
light transitions because it releases @vhich then, in turn, ~ to zero well before the ray interception by the solid Earth oc-
rap|d|y releases an e|ectroﬁ¢tersonlg76. In addition to curs. In Contrast, VIS radiation is Only pal’tla”y attenuated
photon-driven reactions, there are a number of two-body rebefore the interception, when itis practically “switched off”.
actions which release an electron, involving @0, , Oj, Solar flux values at each altitude are determined us-
OH~, and CI. These reactions and their rate coefficientsing the well-known Beer-Lambert absorption law, with the
are given byTurunen et al(1996), except the photodissoci- daily above-atmosphere fluxes provided by the SOLAR2000
ation of CQ; (H20) which comes fronPetersor(1976. For model, version 2.23Tpbiska et al.2000. Calculation of op-
the photodetachment and photodissociation reactions the ratécal depth is required, and for high zenith angles it is neces-
coefficients are given in “full-light” conditions; in the model sary to take into account the spherical geometry of the atmo-
we scale them based on the illumination level, in a mannesphere. In our model, the optical depth calculation follows a
similar todel Pozo et al(1999. The scaled coefficiertt, is ~ Procedure described Hyees(1989 p. 12-13). Note that in

calculated from the “full-light” coefficient as the calculations we do not take into account refraction, the
F effect of which is negligible for all ray paths, except maybe

ky = —k, (3) those with a tangent point very close to the Earth’s surface
Fo (Reid 1987. The main absorbing gases are molecular oxy-

whereF is the wavelength-integrated solar flux at a certain gen and ozone. The MSISE90 model provides@ncentra-
altitude at a certain timeky is a reference flux pre-calculated tion profiles down to the ground leveHédin 1997), while
for the same altitude but for solar zenith angle of 45or  for O3 we use the model results, so that the optical depth cal-
NOj photodetachment the fluxes are integrated from 99 toculation takes into account the changes in ozone due to the
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Fig. 3. Modelled variation ofa) ozone andb) nitric oxide concentrations during the sunset of 23 October 1989.

proton precipitation, as well as the normal diurnal variation D-region, below 70 km, are of the order of4a.(® m=3 (see,
which is substantial in the upper stratosphere and above (se2g.Hargreaves1992 p. 231). For these kinds of small val-
Fig. 3a). However, ozone values below the lower altitude ues the EISCAT signal-to-noise ratio is too low for measure-
limit of the model at 20 km are also needed because for soments to be practicallurunen 1993. However, in this case
lar zenith angles larger than 9the ray path passes through the SPE-elevated ionization levels allowed for observations
these lower altitudes. In the model we use values & reaching stratopause altitudes.
mazaki(1984 andBrasseur and Solomof1986 for these The radar in Tromsg, Norway (69.58, 19.23 E) was
altitudes, assuming a fixed ozone profile throughout the modeperated from 12:00 UT until 18:00 UT, measuring the
elling. This assumption is reasonable because 1) at altitudesunset conditions in the D-region. The altitude resolution
below about 40 km there is no diurnal variation of ozone andof the measurements was0.75km for the tilted antenna
2) even for large SPEs the effects are typically not significant(~1.05 km for a vertical) and the basic time resolution was
below~30 km. 10s. Before the analysis, the data were post-integrated over
5 minutes and interpolated to 1-km grid. The error of the
post-integrated data depends on the received power, i.e. for
3 Measurements lower electron densities the uncertainty is larger, but is typi-
cally better than 10%Collis and Rietveld1990).
3.1 Electron density from EISCAT VHF incoherent scatter
radar 3.2 Cosmic radio noise absorption from Kilgsyi riome-
ter
Incoherent scatter radars can provide altitude profiles of
ionospheric quantities, such as electron density. The techRiometers measure ionospheric absorption of cosmic radio
nique includes transmitting a power pulse, which is then scatnoise, typically at frequencies of 20-60 MHz. Cosmic radio
tered in the ionosphere, so that the returned power can baoise is of galactic origin and is considered to be constant
measured. Several experiment modes were used during th@ver long periods of time, so that any changes in the signal
SPEs of 1989; these are described in, for exan@ddlisand  observed on the ground are due to changes in ionospheric
Rietveld(1990. absorption. The absorption depends upon electron-neutral
On 23 October the VHF radar was operated in the spe-ollision frequency, which, in turn, depends upon electron
cial D-region mode “GEN-11"Turunen 1986. The an-  density and temperature. Typically, most of the absorption
tenna was tilted 45towards north, so that the lower alti- occurs in D-region altitudes, i.e. below 90 km. Riometers
tude limit within the radar range was further lowered from are relatively cheap, easy to operate, and can continuously
70 km to 50 km. However, due to instrumental limitations the measure the integrated ionization levels of the overhead iono-
true lower limit of measurements was 54 k@q(lis and Ri-  sphere. Interpretation of measurements includes determina-
etveld 1990. The quiet-time electron densities in the lower tion of a quiet-day curve (QDC), which is then subtracted
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from measurements, so that the final absorption data by rient in the Southern Hemisphere than in the Northern. In the
ometers are relative in nature. For a description of riometersouth, the polar vortex is breaking up, while in the north it is
techniques and measurements, see,Ragta et al(1983. forming. This might lead to important differences in NO be-
In this study we have used measurements of the Képisj cause of the possible accumulation of NO inside the southern
riometer (69.05N, 20.78 E, f=30MHz), located in north-  vortex during the preceding winter months, due to absence
ern Finland, about 85 km east of the location of the EISCAT of photodissociation and vertical transport (see, 8igkind
radar. et al, 1997. Nevertheless, we pursue the comparison be-
cause the high production of NQOdue to the SPE, is likely
3.3 Nitric oxide from a Southern Hemispheric rocket flight to have a significant impact on the NO levels at the D-region
altitudes. An indication of this is given by another, pre-SPE

There is not much information available on polar nitric oxide F0Cket measurent byadorozhny et al(1994 on 12 Octo-

during the October 1989 SPE. The only measurements w&€r (57.08S, 45.04E), which clearly shows lower values
are aware of are those Badorozhny et a(1994, who flew of NO than the observation during the SPE on 23 October,
a M-100B meteorological rocket on 23 October, at 05:00 UT, €SPecially in the lower mesosphere and upper stratosphere.
in the Southern Hemisphere at 55:6250.18 E. The time In Sect.4.1 we will show that the observed and modelled,
of the measurement is well suited for comparison with ourduring-SPE altitude profiles have a very similar shape, which

modelling, because it is more than two days after the pealis another indication of the dominant role of SPE-produced
forcing by protons and only 7 h before the beginning of the NO.

EISCAT electron density measurements. On the other hand, In the stratosphere and lower mesosphere the photochem-
the illumination conditions are quite different from those of ical lifetime of NOy, which is determined by photodissocia-
our modelling location in the Northern Hemisphere. The so-tion of NO, is relatively long compared to the duration of the
lar zenith angle for the time and location of the rocket flight is SPE gadorozhny et al.1994). Therefore, most of the NO
about 55 while at the modelling location the smallest zenith produced during the SPE is still present on 23 October. In
angle is about 8lat 10:25 UT. Although N@ has a rel- the upper mesosphere and lower thermosphere, the lifetime
atively long photochemical lifetime, there is a strong diur- of NOy is of the order of 1 day in solar illuminated conditions
nal variation between NO and NGn the lower mesosphere (Barth et al, 2001), so that a part of the SPE-produced NO
and stratosphere. During daytime a photochemical equilib-will have been destroyed before the rocket measurement was
rium exists but at night most of NO is converted to NO made. In summary, the measured and modelled NO profiles
through a reaction with ©(see Fig.3b). For this reason, should be most comparable in the lower mesosphere, while at
we choose the modelled 10:25 UT NO profile to be com-higher altitudes the different illumination conditions between
pared with the rocket measurement. In addition to differentthe two locations may have significantly different influences
illumination conditions, meteorological conditions are differ- on the NQ produced during the SPE.
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Modelling results byJackman et al(1995 indicate that ments at all altitudes and the agreement between the mea-
the absolute increase of NG=N+NO+NGQ, in the meso-  sured and modelled NO values is very good at the altitudes
sphere) during the October 1989 SPE was essentially thetudied by riometers and EISCAT radar, i.e. between 60 and
same in both hemispheres. However, because our modellin§0 km. However, the difference in concentration is quite sub-
location and the location of the rocket flight have markedly stantial around 50 km, where the measured amount of NO
different magnetic latitudes, they should experience different(~2x 10> m=3) is four times higher than the modelled value
proton forcing due to differences in magnetic rigidity cutoff, (~*5x10m=3). We discuss the possible reasons for this
which determines the minimum energy required for a protondifference below.
to reach a certain geographic location (see, daygreaves The main part of the energy input and NO production by
1992 p. 355). To check if this was the case, we calculatedprotons occurs between 40 and 80 km, where the modelling
the rigidity cutoff energies at the two locations for the du- result for NO is independent of its initial amount (assum-
ration of the SPE using a method which depends upon théng that the initial values before the SPE are lower than those
measured , magnetic index (seRodger et a].2006 for a measured after the onset of the SPE). Therefore, if we assume
description of the method). Our modelling location is well that there is no additional production of NO, the reason for
within the magnetic polar cap so that there is effectively nothe lower model values might be in the assumptions behind
cutoff at any time. At the location of the rocket flight, which the SIC-modelled production of NO by protons. It should
is near the edge of the magnetic polar cap, the cutoff enerbe noted that above 80 km, where the proton forcing has a
gies, shown in the upper panel of Fig.are high for most of  smaller effect, a better agreement with the measurements was
the event and display large variations. However, it turns outobtained by using a downward NO flux ok40¥m—2 s1
that the high cutoffs have a relatively small effect on the totalat the upper boundary of the model (120 km) during both ini-
NO production in this case (see Settl for a discussion). tialisation and modelling.

Assuming that the majority of the NO produced by the
SPE was not destroyed before 23 OctoHeajorozhny et al.

4 Results and discussion (1999 estimated the concentration of NO at 50-km altitude
from

4.1 Nitric oxide
[NO] = C/ P; dt, 4)

Figure 5 compares the modelled and rocket-measured NO

profiles, which are very similar in shape. The maximum of where P; is the calculated ionization rate ardis a con-
NO is at 45-60 km, a minimum is at 70-80 km, and abovestant varying between 1.2 and 1.6 (see, &gtter et al.
80 km the concentration again increases. The modelled cont976 Rusch et a].1981]). Integrating from the beginning of
centrations are within the error margins of the measure-the SPE until the rocket flight time, they calculated [NO] to
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Fig. 6. Modelled negative ion to electron ratio, mﬁ), during the sunset of 23 October. The sharp changes seen around 16:00 UT indicate

n
the times of the Earth’s shadow covering correspoending altitudes.

be 11—1.4x 10 m~3 without taking into account the effect portant because the former produces NO while the latter de-
of magnetic cutoff. Using the same approach for our mod-stroys it Brasseur and SolompA986 p. 267). Zipf et al.
elling results, we calculated [NO] to be76-9.3x 101 m—3, (1980 have reported this branching to be close to 0.54,
which is about 35% lower, partly due to different neutral at- favouring N€D), but there is some uncertainty and this ra-
mospheres and ionization rate calculation routines used. Theéo is commonly used as a fitting parameter in models. In
proton energy required for reaching 50-km altitude is aboutour model we use a value of 0.6. As a sensitivity test, we
30 MeV. Integrating the NO production only at times when increased the ratio to 0.75 and repeated the whole SPE mod-
the cutoff energy (shown in the upper panel of Hg.is elling. The results (not shown) indicate that at 50 km the
smaller than 30 MeV results in about a 20% reduction inamount of NO is quite insensitive to the change while at 65—
the final concentration at 05:00 UT. The applied cutoff has80 km the NO values clearly exceeded the measured ones.
a moderate effect because, as shown in the bottom panel of z5q0rozhny et al(1994 mention production by relativis-
Fig. 4, most of the NO production occurs on 20 October, iic glectron precipitation as a possible reason for the high
when the proton flux was highest and the cutoff was at itSamounts of NO measured at 50 km. Since the uncertainties
lowest. Therefore, in the lower mesosphere the total NO pro{, the modelled SPE-driven production of NO are not able
duction by the SPE on the modelling location should be com+q fylly explain the difference between modelling and the
parable to that at the rocket flight location. rocket measurements, an additional production source seems
The SIC equivalent of’ (in Eq. 4) can be estimated from = qyjite probable, especially if taking into account that theqNO
the model results by considering the different pathways lead{=N0+NO,) production of the SIC model has been validated

ing from ionization to NQ production through dissociation during another SPE by the GOMOS instrument aboard the
of N2 by protons and secondary electrons, as well as a NUMgyisat satellite\erronen et a].2005.

ber ion chemical reactions. By dividing the N@roduction
rate by the ionization rate, the constahis found to be about
1.15 at 50km, i.e. in the lower limit of its theoretical range.
An adjustable parameter in the model is the production of
atomic nitrogen by secondary electrons, which is set to 0.8n D-region research, it is usual to show the negative ion to
times the ionization rate, equal to the lower limit given by electron ratio,.. A graph of this parameter, based on the
Rusch et al(198]). Figure5 shows that by using the up- model results, is presented as a function of time and altitude
per limit of this parameter, 1.21 (i.€~1.56), the resulting in Fig. 6 for the sunset hours of 23 October. It clearly demon-
amount of NO at 50 km is about 0 m—2, which is still strates the transition of negative charge from ions to electrons
almost three times lower than the measured value. during the sunset. Before the sunset, the transition altitude,
lonization leads to atomic nitrogen production first, and where negative ion and electron concentrations are equal, is
here the branching between3m) and N¢'S) states is im-  at~67 km, while after the sunset it is at78 km.

4.2 Negative ion concentrations
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Figure7 shows the model density profiles of the main neg- O, which is the main ion at higher altitudes. There is also
ative ions before, during, and after the sunset transition. The multitude of other ions (including cluster ions) present, es-

main daytime ions in the lower mesosphere are;N&hd

pecially at lower altitudes, but with smaller concentrations.

CO3. Around 65km these two are more or less equal withDuring the sunset a clear change in the ion composition
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Fig. 9. Raw electron density profiles for selected times before, during, and after the sunset of 23 October. EISCAT measurements (+), as
well as modelling results with model-determined NO (solid line) and with manually increased NO (dashed line), are shown.

occurs, which is related to the negative charge transition4.3 Cosmic radio noise absorption
NOj3 increases at all altitudes due to a reduction in its pho-

todetachment. Also photodissociation of C@ecreases, at  gach run of the SIC model is based on a neutral background
a later time, and its concentration increases at altitudes abov&tmosphere given by the MSISE90 model and provides con-
60km. G, decreases at altitudes below 70km, while NO - cenration profiles of neutral and ionic species. Cosmic radio
and CQj, for which the main loss processes are the detachnoise absorption can be estimated from the modelling results
ment/dissociation reactions, hold a larger and larger portiorpy following Banks and Kockart61973 Part A, p. 194) and
of the negative charge as the sunset advances. After sunsefalculating the electron collision frequencies of, XD,, and
when a nighttime balance is reached, NS clearly the main  He from MSIS and of O and H from SIC, using the neu-
ion. tral temperature profile of MSIS, which we can assume to
be equal to the electron temperature below 100km. Elec-
tron density is obtained from SIC by subtracting the sum
of negative ion concentrations from the sum of positive ion
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concentrations. Finally, we use the metho&eh and Wyller Table 1. Most important electron-detachment reactions from the

(1960 to compute diﬁer?ntial ab_sorptiod]L/dh and inte-  gic model. Sources of the rate coefficients are listedirunen
grate with respect to height. This method takes the operagt al. (1996. Units are s~ for R1-R3 and 51 for the other

tional frequency of the riometer and assumes a dipole apreactions.
proximation for the geomagnetic field to obtain an electron
gyrofrequency at the respective altitude and latitude. #  Reaction Rate coefficient

Figure 8 shows the calculated absorption for 23 October

—18
e e . + +IVI+
compared to that measured by the Kilaisji 30-MHz ri- R1 O: M 1 - OfMre = 10_16
. . R2 O, +0x(Ag) — 20p+e 20x10
ometer (located 85 km East of the modelling location), both 2 16
. - . R3 G, +0 — Ozte 15x10
of which show two distinct levels, 1-3dB at night and 7— 2 1
; . ) _ R4 O, +hv(<2695nm) — Opte 38x10~
10dB during day. The daytime behaviours, from 07:00 to - 2
_ ) i R5 NO;+hv(<318nm) — NOgt+e 52x10~
14:00 UT (10:25 UT corresponds to local time noon), be- R6 CO. +hv(<428nm) — COgte 29510-12
tween the modelled and observed absorptions, differ signifi- %

cantly. The riometer shows a gradual increase between sun-

rise until the beginning of sunset, while calculated values

follow the proton forcing, peaking at 07:00-09:00 UT and ) o . .
then gradually decrease until reaching a lower level at abou@ins at most altitudes. Most significant differences, which
13:00 UT. The calculated absorption values are clearly lowe@re clearly larger than the 10% margin, are in the 15:00 UT
than those measured at daytime (after 10:00 UT), as well a@nd 15:20 UT profiles at altitudes above 65km. Since the
during and after the sunset. However, the sunset behaviodregative charge transition during the sunset should result in

is well modelled, in time scale as well as in steepness of thelecreasing rather than increasing electron density, a possi-
transition. ble reason for the observed higher densities is an additional

At nighttime, when the D-region electron density is low, 'onization source.
the contribution of upper altitudes can be important to total Considering the temporal behaviour, Fit) shows the
absorption, especia”y if auroral precipitation occurs. Fromsunset electron densities for altitudes of 65, 72, and 80 km.
EISCAT measurements (CP2 mode, from 18:00 UT onwardsAt 80 km there is no clear transition in either the measure-
not shown) it is evident that there was auroral electron preinents or in the modelling. This is expected because the
Cipita’[ion after sunset, resumng in Significant|y h|gher elec- electrons are dominant over negative ions at this altitude.
tron density values at altitudes above 90km compared tol he modelled density decreases after sunset, partly due to
our modelling. By replacing the modelled densities with the gradual decrease in proton forcing, while the measured
the measured ones and then repeating the absorption calculflensity stays more or less at the same level. At lower alti-
tion from 18:00 to 24:00 UT, the resulting absorptions were tudes there are clear transitions, which begin at about 15:30
clearly closer to those measured by the riometer. Thereforeand 14:30 UT, at 72 and 65 km, respectively. At 65km, the
a part of the after-sunset difference between the measureghange is gradual until 16:00 UT, when there is a “drop off”,
and modelled absorption can be exp|ained by auroral e|eci.e. a sudden decrease of electron denSity between 15:55 and
tron precipitation. At daytime, the majority of the absorption 16:00 UT, corresponding to the Earth’s shadow covering this
comes from the D-region altitudes, such that typical auroral@ltitude. This drop off is also seen in the data, although not
electron precipitation, if present, could explain only a small @ pronounced. The initial gradual change and drop-off end
portion of the difference. However, in the following sections constitute a two-step process, similar to what has been ob-
we will show that high_energy electron precipita’[ion isa pos- served in sunrise conditions (COI“S and Rietveld, 1990) This

sible cause for the daytime differences. indicates that the transition is dependent on both the UV and
VIS solar radiation. At 72 km, the transition is steeper than
4.4 Electron densities at 65 km. The drop off occurs 5 min later than at 65 km and is

not visible in the data, although such a step could be hidden

For comparison, the modelled electron densities were conby the 10% uncertainty. The measured values show a con-
verted to raw electron densitieg,“*. The backscattered tinuing transition until 16:30 UT, a feature that is within the
power of EISCAT radar is a direct measureNf**, which, uncertainty limits and is not confirmed by the model. De-
on the other hand, is a function of the electron density andspite the differences in the magnitudes of electron density,
the total concentration of negative ions (see, daj.Pozo  the comparison shows that the model is able to represent the
et al, 1999 and references therein for more details on thesunset transition reasonably well.
conversion). The model results indicate that the sunset transition of

Electron density profiles for selected times during the sun-negative charge is a combination of VIS and UV sources.
set are shown in Fi. The shapes of the measured profiles The main processes of negative ions releasing an electron
vary significantly during sunset at altitudes below 80km. are listed in Tablel and the detachment rates of these reac-
These variations are well represented by the model. For théions at 65 and 72km are plotted in Figsla—b. All these
profiles of 14:00 UT and from 15:50 UT on, the magnitudes reactions are photon-driven either directly (R4—-R6) or indi-
agree within the EISCAT 10% statistical uncertainty mar- rectly. R2 and R3 are controlled by UV-related changes in
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Fig. 10. Sunset behaviour of raw electron densities at selected altitudes from EISCAT measurements (+) and modelling (solid line). In the
middle panel, the model values multiplied by 1.5 are shown (dashed line) to aid the comparison with the measured values.

atomic oxygen and QlAg), and the fast reaction R1 is also VIS-driven reaction rates R1, R4, and R6 show a more grad-
photon-driven because Oacts as an intermediate species ual decrease before the total “switch off”, especially at higher
between photodissociation of GGand fast electron detach- altitudes, and 3) the photodetachment of Nkiecomes rela-
ment (from O7). At 65km the UV dependence is strong, tively more important. The comparison with measured elec-
with reactions R2—R4 contributing. It is worthwhile to note tron density profiles, shown in Fi@, improves, especially
that the effect of the glAg) change is larger than that at altitudes 75-82 km. At altitudes below 70 or 75km, de-
of atomic oxygen change, and that the effect of Nho- pending on the UT time, the comparison generally becomes
todetachment is relatively small. Reactions R1, R4, and R6norse or at least does not improve. Except for the 14:00 UT
contribute to the VIS dependence (displaying the drop offcase, where photoionization still operates on NO at higher
at 16:00 UT), with R1 being the most important of these. altitudes, there is no significant effect on electron densities
As noted earlier, the VIS dependence of R1 originates fromabove 82 km. Therefore, we could speculate that the original
COj3 photodissociation. At 75 km, the main VIS dependencemodelling underestimates the amount of NO between 70 and
comes from R1 and R4, i.e. GOand O,. The UV depen- 85km. Although the increased concentrations of NO, e.g.
dence, which is relatively not as strong as at 65 km, is, for thefNO] ~10'°m~3 at 80 km, exceed the measured values, this
most part, due to changes in atomic oxygen a@(}@g)_ could perhaps be explained by the differences in illumination
level, which, for the modelling location, is relatively low and

In the case of sunrise, the amount of NO determines théavours the downward transport of NO produced at higher
relative size of UV and VIS effects by controlling the bal- altitudes.

ance between ND and CQ (Reid 1987. For our sun-

set case, we tested the sensitivity of our model by repeating.5 High-energy electron flux

the sunset calculation with a higher amount of NO. Starting

at 11:00 UT, we manually increased the starting concentraThe shape of the measured cosmic radio noise absorp-
tion by 5 times at all altitudes and then ran the model untiltion, which does not follow the decreasing proton forc-
18:00 UT. The results (see Figslc—d) show that, due to ing but shows a gradual increase during the daylight hours
NOj holding a larger portion of the negative charge, 1) the(Fig. 8), could be explained by an additional ionization
UV effect is increased relative to the VIS effect at lower al- source. The same kind of behaviour is seen in mea-
titudes (where N@ and CQ are the main daytime ions), 2) surements of some other riometer stations (not shown) in
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the northern Fennoscandia area, especially that of Oullb Conclusions
(65.05°N, 2554°E), which shows a daytime increase by
~25% from a.m. to p.m. hours. The additional source couldA 1-D neutral and ion chemistry model has been used to in-
be auroral electrons, but the discrepancy at 70-80km beterpret measurements of nitric oxide, cosmic radio noise ab-
tween the measured and modelled electron densitiesqFig. sorption, and electron density made during the great proton
requires electrons reaching relativistic energies. storm of October 1989, in high ionization conditions. The
model and the measurements are generally found to be in
By trial and error, we estimated the flux of monoenergetic good agreement. Although there are still great uncertainties
beam of electrons required to increase the modelled elecinvolved, e.g., in the photodetachment rates of ions, with the
tron densities to the measured level. Choosing the energgurrent knowledge we are able to model the D-region iono-
and flux, the resulting ionization rate was calculated follow- sphere with some success.
ing Rees(1989 p. 35-45) and using electron energy-range  For the case considered, the sunset transition of negative
values fromGoldberg et al(1984 andBerger and Seltzer charge displays dependency on both visible and ultraviolet
(1972. The calculated rate was then input in the model, solar radiation. The model results show that the UV response
together with the proton forcing, and the sunset modellingcomes, for the most part, from atomic oxygen an_ql(Ag)
was rerun. We found that a combination of 650-keV energychanges, with a smaller contribution from [J@hotodetach-
and 145x10°m~2s~! flux resulted in electron density lev- ment, while the VIS dependence is driven by reactions of
els quite close to the EISCAT measurements. This estimated, and CQ]. The relative magnitude of UV and VIS effects
flux is comparable to relatively high fluxes which have beenvary with altitude, with UV playing a larger role at lower alti-
measured during specific electron precipitation events bytudes. These transition characteristics are confirmed by both
e.g., the PET/SAMPEX instrumenCéllis et al, 1996. Ob-  electron density and cosmic radio noise absorption measure-
viously, a monoenergetic and constant-flux beam is hardly anents.
good representative of the real situation, but due to the lack These sunset transition characteristics are not sensitive to
of measurements we are limited to this approach, to providehe momentary ionization level, which determines the abso-
a rough estimate. lute amount of negative (and positive) charge but does not
. . . ) directly affect the balance between the ions. However, our
By using the increased electron density profiles, the caly, ,jaljing results are sensitive to the amount of NO which,
culated radio noise absorption values, shown in Bigig-  pocase of its relatively long photochemical lifetime, de-
nificantly increase, and show very good agreement with the o, 4< ;50n the ionization history rather than the momen-
riometer measurements. Therefore, it seems that an add ary ionization. It is therefore important for studies like the
tional ionization source, most likely high-energy electrons,

during the af q h £930 resent one, to either model NO accurately or use measured
){/(\;f;\)sefresent uring the afternoon and sunset hours o jalues. However, this requirement can be quite difficult to

fulfill because of the high variability of NO in the auroral
regions, where the source is unpredictable and the illumina-
tion conditions vary significantly with season, and also due
4.6 Spectral width of EISCAT measurements to spatial and temporal limitations of available data.

Both the cosmic radio noise and electron density measure-
ments indicate a possible presence of an additional ionization

Del Pozo et al. (1999) studied the rapid change in incoherengource, the effect of which is comparable to the ionization
scatter radar spectral width during the sunset of 23 October¢aused by the SPE at altitudes 70-80 km. By estimating a
roughly estimated the sunset change in the oxygen specieggasonable flux of high-energy electrons and including it in
and concluded that change in atomic oxygen and to a lessedur model, the absolute magnitude of modelled values was
extent that of @(*A,) could explain the observations. Our found to be in excellent agreement with those measured by
modelling results, shown in Fig.2, agree with this conclu-  both instruments. It seems therefore likely that electron pre-
sion, for the most part. Atomic oxygen anc&(@Ag) show Cipitation which reached relativistic energies occurred during
an order of magnitude (or greater) decrease at altitudes belo#e afternoon and sunset hours on 23 October.

65 km, from 14:00 UT to 15:30 UT, which is equal to the re-  According to our modelling results, sunset decreases in
quired reduction estimated kel Pozo et al(1999. The the amount of atomic oxygen ang@®A,) are such that they
spectral width is about twice as sensitive to the concentratiorfan be used to explain the observed spectral width changes
to atomic oxygen than that ofz@lAg) at lower mesospheric  Of incoherent scatter radar measurements, as suggested by
altitudes (see Fig. 8 idel Pozo et a).1999. Thus, above del Pozo et al(1999.

65km, where the absolute reduction of O is equal to or hlgherAcknowledgementsThe work of P. T. Verronen was patrtially sup-

than that of Q(lAg)' the obs_erved spectral W'F“h change is ported by the Academy of Finland through the ANTARES space
mostly due to the change in O. At lower altitudes, where research programme.  EISCAT is an International Association
the absolute change inZGAg) is clearly larger than that of  sypported by Finland (SA), France (CNRS), Germany (MPG),
atomic oxygen, the contributions of the two constituents mayJapan (NIPR), Norway (NFR), Sweden (VR) and the United King-
be more comparable. dom (PPARC). GOES proton flux data were provided by the SPIDR
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