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Ground level events and consequences for stratospheric chemistry
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Abstract. The precipitation of energetic particles into the 2.1 Particle precipitation: ionization profiles
polar atmosphere modifies the mesospheric and stratospheric
chemistry. We compare particle fluxes of a wide range ofinteraction of precipitating energetic particles is treated
energies in different solar energetic particle events, in particCoulomb interaction. The Bethe-Bloch equation then is sc
ular their spectral evolution. The resulting changes in,NO numerically for an atmosphere consisting of 78% 81%
and HQ, and consequently in ozone are compared. Our cal-O, and 1% Ar. Minor species are not considered since
culations and comparisons with observations show that forare only interested in ionization rates. The mean binding
a significant atmospheric response rogue events rather thagrgies required to calculate energy losses are taken fron
ground level events are required. Fermi-Thomas model to be 95 eV. Density and temperal
height profiles are adjusted to the chemistry model (see
low). Energy loss rates from Bethe-Bloch then are convel
1 Introduction to ionization rates assuming the typical average ioniza!
energy for air of about 35 eV. This number is smaller th
The influence of precipitating solar energetic particles (SEPsfhe one in the Fermi-Thomas model because the averag
on high latitude ozone first has been observed in the larg&rgy loss can lead to more than one ionization: the elec
August 1972 flare (e.g. Heath et al., 1977) and has led tdesulting from the primary interaction might have enough
the discovery of the influence of Nn stratospheric and in ~ €rgy to cause secondary ionizations.
particular on ozone chemistry (Crutzen et al., 1975).
The strongest modifications sofar have been observed du2.2 Atmospheric chemistry: model description
ing the August 1972 and October 1989 events (Vitt et al.,
2000; Jackman et al., 2000), an event comparable in size and/e use a two-dimensional chemical and transport model 1
consequences was in July 2000 (Jackman et al., 2001). ning on a 9.5 degree to 3 km latitude versus altitude g
In this paper, we will expand analysis in two ways: (a) The model extends from 90 S to 90 N, and from O to 100
for the numerical analysis, also precipitating particles with altitude. It consists of two individual modules to calcula
energies above a few hundred MeV will be considered, andlynamical and chemical parameters, respectively. The
(b) the analysis will also include the recent strong groundnamical module is based on J. Kinnersleys THIN AIR mot
level event (GLE) on 15 April 2001. The aim is to understand (e.g. Kinnersley, 1996) and calculates temperature, pres:
the influence of the higher energetic particles and to definéhorizontal and vertical transport. It also includes planet
the properties of particle events that are relevantin modifyingwaves and a gravity wave scheme. The chemistry modu
the mesospheric and stratospheric chemistry. the TOMCAT model (Chipperfield 1996), the same as u
in the well-known 3 D CTM SLIMCAT. It uses 57 specie!
considering 181 chemical reactions and 37 photolysis re
2 The Model tions. Gas-phase as well as heterogeneous reactions are

. . ) ... sidered, and stratospheric particles are formed by state
The numerical analysis is performed with a model consistindha art formation mechanisms NOHO, and O, families
. T

of two parts dealing with (a) the interaction of precipitating ¢ ¢5|cyated in photochemical equilibrium, which redut
particles with the atmosphere and (b) the resulting modificaye rejiapility of the chemical code to altitudes below 70 k
tions in atmospheric chemistry. The production of NQ and NO, due to ion pair productior
Correspondence tavl.-B. Kallenrode (mkallenr@uos.de)  is calculated according to Porter et al. (1976), the prod
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Fig. 1. Differential fluxes of GOES protons in the range 15 to 850 Fig. 2. Time development of ionization rates during the thr

MeV, cf. text

lon pair production rate [cm s %]

events, cf. text.

tion of HO, according to Solomon et al. (1981). For further

. : upper two events, the criteria of a rogue event obviously
information see Jackman et al. (1990).

fulfilled: long-lasting high intensities even in a few hundre
MeV with the particles stored between shocks. The th
3 Results event is different: although it extends to high energies (
maximum intensity in the highest energy channel in Fig. 1

We focus on the GLEs October 1989, July 2000, and Apr”com_parable to that in the October 1989 event and at neu
2001. The former two are rogue events (Kallenrode andMonitor energies shows even larger fluxes), fluences an
Cliver, 2001) with unusually large particle fluences at hun-tensities in the lower energy channels are markedly small
dreds of MeV, the latter shows an unusual large increase in o

neutron monitor counting rates. 3.2 lonization rates

3.1 Properties of the particle events To determine ionization rates, the time profiles shown in Fi

are averaged over 12 h intervals. Under consideration of
Figure 1 shows the fluxes of energetic protons between 1%ower energies (down to 4 MeV, not shown in Fig. 1) pow
and 850 MeV observed by GOES for the three selected eventaw spectra in energy, = I, - (E/E,)~" are obtained. De-
Vertical lines mark the arrival of interplanetary shocks. In the pending on relative intensities, the spectrum has been divi
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Fig. 3. Comparison of total ionization (up to energies of 500 MeV)
during the three particle events.
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in up to three separate power-laws. The spectrum extends to oo

about 800 MeV while in previous studies the energy range S

normally was limited to up to 300 MeV. Higher energies are oy oy 2000 -

not considered here: although the events are ground level o - 1 [ soo

events and particles have been accelerated up to several GeV, b 1 | s00

the intensity increase in these high energies is only very short E b 1 L 1000

and thus almost vanishes in the background if averaged over ] 3 L2000

a 12 hinterval. To use a conservative approach we therefore <l (o ; -50.00

omitted the highest energies from our analysis. who - : ‘ ; I -75.00
These energy spectra are used to determine ionization rates e -100.00

as described above. The resulting temporal evolution in ion-
ization rates is shown for the first three 12 h bins for all three

70
events in Fig. 2. The October 1989 event initially leads to ook - : 5.00
a strong ionization in the lower stratosphere while the ion- sof : -5.00

Day of July 2000

ization in the mesosphere is about an order of magnitude £ wp : -10.00
smaller. As time increases, the ionization in the lower strato- 2 af : -20.00
sphere does not change (since high energy particle intensi- b : -50.00
ties are roughly constant) while the mesospheric ionization 10f : -75.00
increases significantly as intensities in the low energies con- R Py T — -100.00
tinue to rise. The temporal development of ionization rates Day of July 2000

in the July 2000 event is more complex: initial ionization in Fig. 4. Variations compared to background level in N@ ppb

the lower stratosphere is comparable to that in October 198¢Lst panel modeled, 2nd observed by HALOE) andi® % (3rd

while ionization in the middle mesosphere is larger and in theobserved, 4th modeled).

upper mesosphere is lower. Since particle intensities in the

higher energies start to decrease rather early, ionization rates

in the stratosphere decrease, too, as the event evolves. Onify NO. start on 14 July 2000 at altitudes above 40 km.

upper mesospheric ionization rates increase with time. In théO- is very long-lived in the upper stratosphere, the N

GLE of April 2001, initial ionization profiles are comparable formed during the event decreases only very slowly after

to that in the October 1989 event in shape although numberdcle precipitation has stopped, and enhanced values of

are smaller by about a factor of 2 to 3. However, ionization!astin the stratosphere for weeks or months (see e.g. Jac

decreases with increasing time at all heights. et al.,, 2000). This may lead to significant ozone decr
Consequently, the total ionization as shown in Fig. 3 isin the lower stratosphere when Ndrom particle events i

significantly larger in the two rogue events compared to thelfansported downward during polar winter. While this

GLE. havior is well represented in both model and measurem
the amount of N@ formed in the model is more than a fe
3.3 Chemical Consequences tor of two larger than the observed one. Ozone destructi

the upper stratosphere and lower mesosphere is mainl
In Fig. 4, modeled and measured variations of N® + NO to catalytic cycles of HQ (H + OH + HG,). Like NO,,, HO,
+ NO,) and ozone due to particle precipitation are shown foris supposed to increase considerably during particle ev
the July 2000 event. Both measurements and model show Bleasurements of HQin this altitude region are extreme
similar temporal and vertical distribution. Significant changessparse, but as ozone destruction in this altitude is m:
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have very high fluences at particle energies of some ten:

70

sof- 1 Wi few hundred MeV. These particles are absorbed in the u
sof- : 85.00 stratosphere and mesosphere. lonization caused by
£ wf : e energetic particles from solar events does not lead to m
g s0f ; 10.00 lable or observable consequences because (a) particle
20f ; Zgg bers are small even in largest events and (b) atmospheric
10f : 1.00 sity at the stopping height is too large. Thus for terresi
B T ST AT —s 100 consequences a rogue event is required rather than a g
Day of April 2001 level event. It should be kept in mind that particles with vi
high energies have an influence on atmospheric chemis
70 g g g g g fluences are sufficiently high, as is the case for galactic

soF ; 500 mic rays.
_ ; 500 The model presented here allows a fair reproduction of
S “F I served temporal and spatial variations in Nénd Q;, how-
£ op I ever, modeled effects tend to be larger than observed
o ; 50.00 Here some fine tuning in both parts of the model, the calc
12 ] . . . . . : 1750050 tion of ionization profiles as well as the subsequent chen

14. 15. 16. 17. 18. 19. ’ mOdeL iS requil’ed,

Day of April 2001
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