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Abstract. We utilise hydroxyl observations from the
MLS/Aura satellite instrument to study the latitudinal extent
of particle forcing in the northern polar region during the Jan-
uary 2005 solar proton event. MLS is the first satellite instru-
ment to observe HOx changes during such an event. We also
predict the hydroxyl changes with respect to the magnetic
latitude by the Sodankylä Ion and Neutral Chemistry model,
estimating the variable magnetic cutoff energies for protons
using a parameterisation based on magnetosphere modelling
and the planetary magnetic indexKp. In the middle and
lower mesosphere, HOx species are good indicators of the
changes in the atmosphere during solar proton events, be-
cause they respond rapidly to both increases and decreases
in proton forcing. Also, atmospheric transport has a negli-
gible effect on HOx because of its short chemical lifetime.
The observations indicate the boundary of the proton forc-
ing and a transition region, from none to the “full” effect,
which ranges from about 57 to 64 degrees of magnetic lat-
itude. When saturating the rigidity cutoffKp at 6 in the
model, as suggested by earlier studies using observations of
cosmic radio noise absorption, the equatorward boundary of
the transition region is offset by≈2 degrees polewards com-
pared with the data, thus the latitudinal extent of the proton
forcing in the atmosphere is underestimated. However, the
model predictions are in reasonable agreement with the MLS
measurements when theKp index is allowed to vary within
its nominal range, i.e., from 1 to 9 in the cutoff calculation.
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1 Introduction

Solar proton events (SPE) correspond to solar coronal mass
ejections during which a large amount of protons and heav-
ier ions are emitted (Reames, 1999), sometimes toward the
Earth. Solar protons entering the Earth’s magnetosphere
precipitate into the polar cap areas (Patterson et al., 2001).
The protons can have very high energies, i.e. tens of MeV,
leading to energy deposition in the mesosphere and strato-
sphere. Thus they provide a direct connection between the
Sun and the Earth’s middle atmosphere. SPE are relatively
sporadic but more probable during solar maxima, and they
are extreme examples of solar forcing on the middle atmo-
sphere. Between 1976 and 2006 there were 222 recorded
SPE, on average∼80 an 11-year solar cycle, with flux and
energies varying significantly from SPE to SPE (see, e.g.,
http://umbra.nascom.nasa.gov/SEP/).

In the middle atmosphere, SPE, and particle precipita-
tion in general, lead to production of 1) odd hydrogen HOx
(H+OH+HO2) through chemistry associated with ion pair
production, water cluster ion formation, and subsequent neu-
tralisation, and 2) odd nitrogen NOx (N+NO+NO2) through
dissociation of molecular nitrogen via charged particle im-
pact and ion chemistry (Solomon et al., 1981; Rusch et al.,
1981). HOx and NOx play a key role in ozone balance of the
middle atmosphere because they destroy odd oxygen through
catalytic reactions (e.g.Grenfell et al., 2006). Both short-
term and long-term ozone depletion has been observed after
major SPE (Reid et al., 1991; Jackman et al., 2001; Sepp̈alä
et al., 2004; Verronen et al., 2005).

Guided by the Earth’s magnetic field, the protons pene-
trate the atmosphere at high magnetic latitudes, the effects
covering the polar caps more or less uniformly. According to
the Størmer theory, every geomagnetic latitude has a cutoff
limit which the rigidity (defined as momentum per charge)
of an incoming particle must exceed in order it to reach that
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particular location (Størmer, 1930). Penetration to lower lat-
itudes requires higher rigidities, and a certain latitude is af-
fected by particles having rigidity equal to, or higher than
the corresponding cutoff. The cutoff rigidity varies also with
time, being dependent on the interplanetary magnetic field as
well as on the Earth’s internal magnetic field, on timescales
from minutes to years (Smart and Shea, 2003; Kress et al.,
2004). Geomagnetic storms, for example, tend to compress
the magnetosphere and lower the cutoff rigidity for a given
latitude (e.g.Birch et al., 2005, and references therein). The
relatively sharp transition region from practically-total cut-
off to none is located approximately between 60◦ and 65◦ of
magnetic latitude.

Observations of geomagnetic cutoff rigidities have gener-
ally been based on satellite or airborne measurements of par-
ticle fluxes (Ogliore et al., 2001; Dyer et al., 2003). How-
ever, few studies have considered the temporal variation,
or attempted to model highly dynamical situations during
magnetic storms. Comparison with theoretical predictions,
based on particle tracing through the Earth’s magnetic field,
have shown that the predictions are in agreement with ob-
servations during low and medium levels of magnetic dis-
turbance, but give higher cutoff latitudes (polewards) dur-
ing strong disturbances (Smart and Shea, 2001; Birch et al.,
2005). Recently,Rodger et al.(2006) have compared the-
oretical cutoff rigidities and ground-based ionospheric mea-
surements. Although general agreement was found, the cal-
culations overestimated the cutoff energies during disturbed
geomagnetic conditions when the planetary magnetic index
Kp was greater than 5.

In atmospheric modelling, SPE are typically simulated
by forcing the atmosphere at latitudes above 60◦, in the
both hemispheres (e.g.Jackman et al., 1995). However, to
date there are few studies addressing in detail latitudinal
extents of the atmospheric effects through satellite obser-
vations. Ground-based ionospheric observations have been
used by, e.g.,Rodger et al.(2006), but these observations
are naturally restricted in location. In any case, it is impor-
tant to define the cutoff latitudes in magnetic coordinates be-
cause in geographic coordinates the latitudinal extent of forc-
ing varies strongly with the longitude (Dobbin et al., 2006).
When looking for an indicator of the changes in the atmo-
sphere during solar proton events, HOx species are good can-
didates because 1) their night-time concentrations can be sig-
nificantly increased by moderate proton forcing (Solomon
et al., 1981), and 2) the chemical lifetime of the HOx fam-
ily is less than 1 h in the middle atmosphere below 80 km
(Brasseur and Solomon, 2005). Thus HOx responds rapidly
to changes, both increases and decreases, in proton forcing.
Further, atmospheric transport has a negligible effect on the
HOx distribution because of its short chemical lifetime.

In this paper we study the latitudinal extent of solar proton
forcing in the middle atmosphere by satellite observations of
the atmospheric effects caused by the SPE which occurred
in January 2005. Hydroxyl measurements by MLS/Aura in-

strument are compared to results obtained from Sodankylä
Ion and Neutral Chemistry model. In the model, the varia-
tions of geomagnetic cutoff are taken into account accord-
ing to the method ofRodger et al.(2006), based on magne-
tosphere modelling and particle-tracing studies (we discuss
this method in more detail in Sect.4). In contrast to most
previous studies, we now observe the “end” effects in the at-
mosphere, which is a new way to establish the variation of
latitudinal limits of SPE forcing. Due to the strong diurnal
variation of HOx concentration, the enhancements caused by
SPE are most pronounced at night when the background HOx
is at its lowest level (Solomon et al., 1981). The effects are
also seen during daytime, but only when the proton forcing is
especially strong. For this reason, we have chosen to utilise
observations of night-time OH concentrations only.

2 SPE of January 2005

When considering the hydroxyl changes caused by the SPE,
we note that protons depositing their energy between 90 and
50 km have energies approximately between 3 and 30 MeV
(e.g. Fig. 6.8 inHargreaves, 1992, pp. 218). Figure1a
shows GOES proton flux measurements in late January for
two of the most relevant energy channels,E>5 MeV and
E>10 MeV. Highest proton fluxes were observed around
midnight on 17/18 January and around noon on 20 January.
These flux values can now be contrasted with the cutoff ener-
gies at selected IGRF-determined magnetic latitudes, shown
in Fig. 1b, which we estimate using theRodger et al.(2006)
method. In general, low cutoff and high flux coincide on
17–19 January, while during 20 January the cutoff is high.
The rigidity cutoff prevents protons from significantly affect-
ing the mesosphere at 61◦ N during the SPE. The situation is
similar at 63◦ N most of the time, except on 17–19 January
and during a shorter period around the midnight on 21/22
January. At those times theKp index, shown in Fig.1c, in-
creases and the cutoff energy drops so that mesosphere ex-
periences the full impact of the protons. At 65◦ N the cutoff
is generally<10 MeV, so that mesosphere is at least partially
affected throughout the whole SPE. As in the case of 63◦ N,
the cutoff drops dramatically during two periods of time, on
17–19 January and around midnight on 21/22 January, and
the mesosphere experiences the full impact of the proton pre-
cipitation.

3 Magnetic cutoff transition from MLS hydroxyl data

The Microwave Limb Sounder (MLS) instrument on board
the Aura satellite was launched in July 2004 (Pickett et al.,
2006, and references therein). In this work we have used the
OH measurements made in January 2005, to study the lati-
tudinal extent of the SPE that occurred at the time. MLS is
the first satellite instrument that has been able to monitor the
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Fig. 1. (a) Proton fluxes measured at Geostationary Orbit by the GOES-11 satellite.(b) Estimated cutoff energies at selected magnetic
latitudes. The grey area indicates the approximative energy range of protons depositing their energy in the mesosphere, i.e. 3–30 MeV.
(c) Planetary magnetic indexKp.

changes in HOx concentrations caused by an SPE, with cov-
erage across the mesospheric altitudes where the SPE-caused
changes are expected to be the largest. Version 1.51 data
were selected for latitudes between 50◦ N and 70◦ N and then
screened according to the MLS Data Quality and Description
Document (Livesey et al., 2005). The data above 60 km are
not recommended for general use, because negative retrieved
concentrations are frequently present above 60 km in many
of the daytime retrievals. The next version of the retrieval
software (2.21) is operational and corrects these problems

by increasing the height resolution above 60 km from 3 lev-
els/decade of pressure to 6 levels/decade of pressure. This
change improves the residuals between the experimental ra-
diance and that computed from the forward model and also
improves the convergence of the retrieval. Full reprocess-
ing of the data is still in progress. For the present study, we
made comparisons of the two versions, 1.51 and 2.21, for the
SPE-induced OH profiles in the mesosphere and found no
significant differences. We are therefore confident that the
OH data used in this study are reliable up to 90 km altitude.
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Fig. 2. (a)Locations of MLS/Aura observations at magnetic latitudes between about 50–70◦ N on 18 January.(b) The geographic latitudes
of the same observations.

The geographic coordinates of the observations were
first converted to magnetic ones, so that the measurements
could be binned according to magnetic latitude. We make
use of Corrected GeoMagnetic (CGM) coordinates based
on the Definite/International Geomagnetic Reference Field
(DGRF/IGRF) for 2005 at 100 km altitude, determined using
the GEOPACK software routines. Figure2 shows, as an ex-
ample, the locations of the observations made on 18 January.
Vertical rows of observations indicate the orbits of the satel-
lite and are separated by≈90 min. Subsequent observations
on the same orbit are separated by≈25 s. Note that the plot
shows data for magnetic latitudes 50–70◦ N only, and that
the geographic extent of the same observations is from 39◦ N
to 75◦ N. The data coverage is similar for the other days of
the SPE. Because the Aura satellite is in a sun-synchronous
orbit, night-time observations are sampled at about the same
local time, 02:30–03:00, for the latitude region of interest.
On the other hand, different longitudes are observed during
successive orbits.

Left panels of Fig.3 present the MLS hydroxyl concentra-
tions at selected magnetic latitudes between 57◦ N and 65◦ N,
while the right panels show the change from values observed
on 10–15 January, i.e., the change relative to 5 days before,
when GOES measured proton fluxes were very low. These
observations can be used to define the transition region of

proton forcing where the magnitude of the magnetic cutoff is
dependent on the latitude. The effect of magnetic cutoff is ev-
ident by contrasting the concentrations at different latitudes.
At latitudes equal to and lower than 57◦ N (the lower latitudes
are not shown) the proton forcing produces relatively small
or no increase of OH, respectively, while increasing latitude
corresponds to increasing enhancements. Largest increases
are seen at the higher latitudes, 65◦ N and above, on 18 Jan-
uary when the proton flux is highest. Note that at 65◦ N the
second largest increase is seen on 21 January corresponding
to high proton fluxes, while at the lower latitudes it is seen
on 22 January. This is due to rigidity cutoff being high on 21
January and diminishing the proton effect in the transition
region, so that on 22 January a lower flux combined with
a very low rigidity cutoff energy result in larger changes of
OH than those seen on 21 January. The narrow layer of OH
observed at 80 km is a natural feature of the night-time meso-
sphere (Pickett et al., 2006). The layer is due to reaction of
long-lived H atoms with ozone and is not related to energetic
particles or ion chemistry.

Figure4 shows the night-time hydroxyl concentrations at
63 and 74 km for selected days of January. The data for 15
January indicates relatively uniform concentrations before
the onset of the SPE with respect to latitude. On 18 January
(marked as Day 18 in the figure caption), when the proton
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Fig. 3. Left panels: MLS/Aura observations of night-time OH at selected magnetic latitudes. The data has been averaged to 2◦-wide latitude
bins at 19:00–05:00 UT for each day. The local time of the observations ranges between 02:30 and 03:00. Right panels: the change from the
average of values observed on 10–15 January.

forcing is at its strongest, the data shows a clear increase of
OH from approximately 57◦ N to 64◦ N. Similar increases
with latitude are also seen on 19 January and 21 January, al-
though the magnitude of the increase is lower due to smaller
fluxes of protons. On 19 January, the cutoff transition begins
at about 59◦ N, i.e. at a higher latitude than on 18 January
although the cutoffs are similar. This is because the OH pro-

duced by the lower flux on 19 January does not exceed the
background concentrations at latitudes lower than 59◦ N. It
should be noted that in the cases other than 18 January the
standard deviation of the averaged data is generally larger
than the observed increase, so that definite conclusions are
not easily made.
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Fig. 4. Night-time OH concentrations at 63 and 74 km for selected days of January. The data has been averaged to 1◦-wide latitude bins
at 00:00–06:00 UT for each day (black dots). The local time of the observations ranges between 02:30 and 03:00. Standard deviations
are shown with vertical gray lines. The blue and red lines indicate average values at 50–55◦ N and 65–70◦ N, respectively, representing
approximately the concentrations not affected and strongly affected by protons.

4 Modelling the SPE effects in the magnetic cutoff tran-
sition region

The Sodankyl̈a Ion and Neutral Chemistry model, also
known as SIC, is a 1-D tool for ionosphere–atmosphere in-
teraction studies. First version of the model was developed in

the late 1980s for ionospheric data interpretation. A detailed
description of the original SIC model, which solved the ion
composition only, can be found in the work ofTurunen et al.
(1996). The latest version 6.9.0 solves the concentrations of
65 ions, of which 36 are positive and 29 negative, as well as
15 minor neutral species. The list of the modelled species
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Table 1. SIC model: modelled ions and minor neutral species.

O, O(1D), O2(11g), O3
N, N(2D), NO, NO2, NO3, HNO3, N2O5
H, OH, HO2, H2O2

O+, O+

2 , O+

4 , O+

2 (H2O), O+

2 N2, O+

2 CO2, O+

2 (H2O)N2, O+

2 (H2O)CO2, O+

2 (H2O)2
N+, N+

2 , NO+, NO+(N2), NO+(CO2), NO+(H2O), NO+(H2O)2, NO+(H2O)3, NO+(H2O)(N2),
NO+(H2O)(CO2), NO+(H2O)2(N2), NO+(H2O)2(CO2)
H+(H2O), H+(H2O)2, H+(H2O)3, H+(H2O)4, H+(H2O)5, H+(H2O)6, H+(H2O)7, H+(H2O)8
H3O+(OH), H3O+(OH)H2O, H3O+(OH)CO2, H+(H2O)2(CO2), H+(H2O)2N2, H+(H2O)CO2, H+(H2O)N2

O−, O−

2 , O−

3 , O−

4 , O−(H2O), O−

2 (H2O), O−

2 (H2O)2, O−

3 (H2O)
OH−, OH−(H2O),
CO−

3 , CO−

4 , CO−

3 (H2O), CO−

3 (H2O)2, HCO−

3
NO−

2 , NO−

3 , NO−

3 (*), NO−

3 (H2O), NO−

2 (H20), NO−

3 (H20)2, NO−

3 (HNO3), NO−

3 (HNO3)2, NO−

3 (HCl)
Cl−, ClO−, Cl−(H2O), Cl−(CO2), Cl−(HCl)

is given in Table1. A recent, detailed description of SIC is
given byVerronen et al.(2005) andVerronen(2006). Below
we briefly summarise the main details of the model.

The altitude range of SIC is from 20 to 150 km, with 1-km
resolution. The model includes a chemical scheme of several
hundred reactions, and takes into account external forcing
due to solar UV and soft X-ray radiation, electron and pro-
ton precipitation, and galactic cosmic rays. The background
neutral atmosphere is generated using the MSISE-90 model
(Hedin, 1991) and tables given byShimazaki(1984). The
solar flux is estimated by the SOLAR2000 model (Tobiska
et al., 2000), version 2.27. The scattered component of the
solar Lyman-α flux is included using the empirical approx-
imation given byThomas and Bowman(1986). The model
includes a vertical transport scheme, as described byChabril-
lat et al.(2002), which takes into account molecular and eddy
diffusion. Within the transport code the molecular diffusion
coefficients are calculated according toBanks and Kockarts
(1973). Eddy diffusion coefficient profile can be varied using
the parameterisation given byShimazaki(1971).

Ionisation rate due to proton precipitation is calculated us-
ing GOES-11 satellite proton flux data, available from, e.g.,
the NOAA National Geophysical Data Center World Wide
Web server atwww.ngdc.noaa.gov/stp/stp.html. GOES satel-
lites measure integrated proton fluxes above seven threshold
values: 1, 5, 10, 30, 50, 60, and 100 MeV. These obser-
vations are converted to differential flux spectra using the
exponential rigidity relation, and then ionisation rates are
calculated using the empirical energy-range relation of pro-
tons (for details, seeVerronen et al., 2005, and references
therein). For magnetic latitudes higher than about 60◦, the
effects of geomagnetic cutoff are effectively negligible such
that practically all energetic SPE protons are able to enter
the atmosphere, thus the GOES flux measurements at geo-
stationary orbit can be used (e.g.Hargreaves, 1992, p. 355–

359). For lower latitudes, it becomes necessary to consider
the time-varying geomagnetic cutoff energy, which we cal-
culate using a method described byRodger et al.(2006).
This method uses particle tracing studies bySmart and Shea
(2003), who calculated the cutoff energies at a given Inter-
national Geomagnetic Reference Fields (IGRF) McIlwain L-
parameter at 450 km altitude using theKp-dependent Tsyga-
nenko magnetospheric field model (Tsyganenko, 1989), but
with two modifications: 1) the rigidity cutoff is made to vary
as 15.062×L−2 as observed by the SAMPEX instrument and
2) the upper limit forKp index in the rigidity model isKp=6,
i.e. the exceeding values are forced toKp=6 in the calcula-
tions. This upper limit is selected through contrast with the
November 2001 experimental observations. The results at
450 km are interpolated down to lower altitudes (for exam-
ple 100 km), following the approach outlined bySmart and
Shea(2003). The Rodger method provides a cutoff energy,
Ecut, for protons at a given geographical location, which we
then use to modify differential spectra of protons simply by
setting the flux equal to zero at energies lower thanEcut.

Ionisation caused by protons results in a set of initial ions,
including O+

2 , leading to formation of its hydrate O+2 (H2O)
via O+

4 . There are then a number of reaction pathways, with
increasing degree of hydration and eventual recombination
with an electron, as a result of which one water molecule
can be converted into two odd hydrogen species, OH and H
(for details, seeHeaps, 1978; Solomon et al., 1981). These
pathways are effective only at altitudes below about 80 km,
where the amount of water vapour is high enough so that
cluster ions can be formed, and can be interrupted by recom-
bination of the intermediate ions. At lower altitudes where
negative ions are more abundant than free electrons, the pos-
itive ions favour negative ions in recombination, resulting in
production of HNO3. A large part of the produced HNO3 is
photodissociated to produce OH, thus this pathway also adds

www.ann-geophys.net/25/2203/2007/ Ann. Geophys., 25, 2203–2215, 2007
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Table 2. Locations of the model runs.

Geo. lat. Geo. long. Mag. lat. Mag. long.

59.95◦ N 15.00◦ W 60.00◦ N 70.10◦ E
60.95◦ N 15.00◦ W 61.00◦ N 70.57◦ E
62.05◦ N 15.00◦ W 62.00◦ N 71.12◦ E
63.03◦ N 15.00◦ W 63.00◦ N 71.65◦ E
64.01◦ N 15.00◦ W 64.00◦ N 72.21◦ E
64.97◦ N 15.00◦ W 65.00◦ N 72.81◦ E

to odd hydrogen production. Similar pathways starting from
the NO+ ion exist. However, these are considered to be of
lesser importance because the primary ion produced due to
particle precipitation is O+2 .

In order to study the latitudinal extent of the SPE effects,
SIC model runs were executed at six different magnetic lati-
tudes between 60◦ N and 65◦ N, with 1◦ separation. Table2
list both the magnetic and corresponding geographic loca-
tions of the model runs. An initialisation for January condi-
tions and three model runs for the SPE period from 15 Jan-
uary 00:00 UT until 25 January 24:00 UT were executed for
each of the locations. First run included no proton forcing,
the second included time-varying proton forcing and mag-
netic cutoff, and the third included proton forcing but no
magnetic cutoff. From here on we identify these as CTR,
CUT, and SPE runs, respectively.

Left panels of Fig.5 show the SIC-calculated CUT con-
centrations of OH during the SPE, at selected magnetic lat-
itudes, and the right panels show the difference in OH con-
centration between the SPE and CUT runs. The increasing
effect of magnetic cutoff with decreasing latitude is clearly
visible. At 60◦ N and 65◦ N we see practically no effect and
the full effect of the SPE, respectively. At the latitudes in
between, the effects are seen especially on 18 January when
the proton flux was high and cutoff energy was low. From the
difference between the SPE and CUT runs, it is seen that the
cutoff effect influences higher altitudes at higher latitudes,
corresponding to the effect of rigidity cutoff removing the
low-energy protons at high latitudes, which only impact at
higher altitudes. In contrast, at lower latitudes the cutoff ef-
fect influences lower altitudes and increases in magnitude.

Figure6 shows SIC-calculated OH concentrations at the
cutoff transition latitudes at 63 and 74 km altitude on se-
lected days of January, contrasting the difference between
CTR, CUT, and SPE runs. On 15 January, the proton fluxes
are at quiet-time levels. OH concentration is the same in
all the three runs, i.e. the protons have a negligible effect at
all latitudes. On the other days, the effects of proton forc-
ing are clear and the cutoff transition region is easily de-
fined. Largest difference between the SPE and CTR runs
is seen on 18 January, together with high flux and low cut-
off. On 19 January and 21 January lower proton fluxes re-
sult in clearly smaller changes in OH concentrations. Con-

trasting the different altitudes on the same days and latitudes,
the decrease due to cutoff sets in slightly stronger at higher
altitudes. This is expected because higher energy protons,
penetrating deeper into the atmosphere, experience relatively
weaker cutoff than low-energy protons. The altitude differ-
ences are especially pronounced on 21 January when the cut-
off energies were higher than on 19 January while the proton
fluxes were about the same. On 19 January the cutoff tran-
sition region at 74 km is clearly wider in latitude than on 21
January when the transition between 64◦ N and 65◦ N is very
sharp.

5 Discussion

Both the satellite data and model results show a clear latitu-
dinal transition of the SPE effects, defining the region where
the strength of forcing varies during the SPE, not only due to
proton flux but also due to magnetic field changes. Compar-
ing Fig.4 and Fig.6, the transition region is generally located
at slightly lower latitudes in the data, at about 57–64◦ N, than
the 60–64◦ N predicted by the modelling, i.e. shifted equato-
wards by 2–3 degrees. This “shift” of the transition region
towards the lower latitudes is best seen under the high-flux
low-cutoff conditions of 18 January. Therefore, the cutoff
modelling seems to underpredict the extent of proton forcing
by a few degrees, at least when theKp index is larger than 5.

Rodger et al.(2006) concluded that the cutoff energies
were underestimated by the model whenKp>5, resulting
in a too much forcing by protons and too high ionospheric
absorption when compared to the Halley riometer data. By
saturating theKp at 6, the agreement was found to improve.
The data did not provide exact information on the extent of
the proton forcing because all riometer beams were affected
by cutoff effects. However, it was suggested that the need
for Kp restriction indicated that the stretching of the geo-
magnectic field was overestimated by the model, and that the
latitudinal limit of the forcing was more poleward than pre-
dicted before.

Clilverd et al.(2007) tested the predictive accuracy of the
Rodger model by comparing its results with Halley riometer
observations during several SPE. They concluded that theKp

saturation in the model leads to even better agreement with
the data if enforced at 5.5 but only near the equatorial bound-
ary of the proton forcing. For the poleward riometer beam,
the adjustment ofKp saturation limit did not improve com-
parison but a better agreement was obtained by moving the
beam location 0.5 degrees equatowards. Again, the data did
not exactly define the latitudinal extent of the forcing. The
adjustments made suggest that the poleward boundary of the
forcing is more equatoward than predicted by the model.

In the present study comparisons with hydroxyl data indi-
cate that the poleward edge of the cutoff region is reasonable
in the model to within≈1◦, but that the equatorward bound-
ary is clearly shown to be more equatorward in the data. This
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Fig. 5. Left panels: model OH at magnetic latitudes 60, 61, 62, and 64◦ N (CUT run results). Concentrations are averages of 03:00–
06:00 UT, corresponding to 02:00–05:00 LT (geographic longitude is 15◦ W). Right panels: The difference between the SPE (without cutoff)
and CUT (with cutoff) runs.

is a useful addition to the knowledge about cutoff behaviour,
because the Halley riometer is not adequately placed that a
good idea of the equatorward boundary location could be ob-
tained during big storms. BothClilverd et al.(2007) and this
study use the Rodger cutoff estimation method, with theKp

saturated at 6. So, the suggested over-stretching of the ge-
omagnetic field is taken into account in these two studies.
However, based on the hydroxyl data it seems that saturat-

ing Kp at 6 in the model, although leading to better contrast
between riometer measurements and modelling in the cutoff
transition region, also restricts the the latitudinal region of the
forcing too much at the equatoward boundary. After repeat-
ing some of the model calculations with an extended latitude
range, but without applyingKp=6 upper limit in the Rodger
cutoff model, we found that the modelled cutoff transition
region on 18 January is at 58◦–64◦ N, as seen in Fig.7, i.e.
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more or less in agreement with the hydroxyl observations.
It therefore seems the equatoward boundary is better repre-
sented by the cutoff model if theKp is not saturated.

These mixed results likely reflect the difficulty of pre-
dicting how geomagnetic field configures during significant
magnetic storms whenKp>6. Rodger et al.(2006) demon-
strated how geomagnetic field models struggle to reproduce
the experimentally observed fields during highly disturbed

geomagnetic conditions. Figure 9 of the Rodger paper con-
trasted L-values calculated using 5 different geomagnetic
field models, all of which attempt to deal with geomagnetic
storms. During highly disturbed conditions (Kp>6), the L-
values calculated varied from∼5 to∼14.5 depending on the
model. There is no general agreement of which of these mod-
els is the “best” in representing the very disturbed magneto-
sphere.
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We have to note that comparison of OH data and model is
not necessarily straight forward. This is mostly due to their
different nature. The model provides results for a single lo-
cation with varying local time, while the satellite measure-
ments are sampled at approximately the same local time but
on a different longitude with each orbit. On the other hand,
Kp is averaged over three hours in the modelling while the
observation is a snapshot of the corresponding time. Averag-
ing observations also averagesKp conditions, and makes the
signal-to-noise ratio better. Nevertheless, as seen in Fig.4,
the uncertainty in the data is generally larger than the ob-
served increase in the transition region.

In addition to the latitude shift, there are other differ-
ences in the OH concentrations between the model and ob-
servations (see Figs.3 and5). The model underpredicts the
OH concentration around 80 km altitude, and overpredicts it
around 65 km. A possible factor contributing to these differ-
ences are the uncertainties of the water vapour amount in the
model. Although we use MLS observations of H2O in SIC,
this data might be too strongly influenced by the a priori at
mesospheric altitudes (Livesey et al., 2005). On the other
hand, sensitivity of the model OH results to the amount of
H2O has previously been found to be relatively strong (Verro-
nen et al., 2006). Another possible reason for the differences
could be the assumptions made concerning proton spectra,
especially on 20 January when the spectrum was unusually
hard. Our approach is to use measurements of the GOES-11
satellite as a starting point and convert its energy channels
into a continuous proton flux spectrum. This method, origi-
nally presented byReid(1961) and described more recently
by Verronen et al.(2005), has in the past been succesfull in
describing the proton fluxes affecting the middle atmospheric
altitudes, also during the January 2005 SPE (Clilverd et al.,
2006b; Sepp̈alä et al., 2006). Nevertheless, we checked the
hard-spectra period during 20 January 06:00 UT–20 January
12:00 UT and, although the spectra show an unusual second
peak at energies greater than 30 MeV, we found the spectrum
construction method itself clearly works (not shown). In ad-
dition, none of data or model results we show in this paper are
taken from the hard-spectrum period, and are likely not sig-
nificantly affected by it because of the relatively short photo-
chemical lifetime of hydroxyl. We are therefore rather con-
fident that no significant reason for the discrepancies arises
due to the description of the proton spectra.

A factor possibly affecting our results is energetic elec-
tron precipitation (EEP), which could be occurring simulta-
neously with the SPE. In theory, the EEP can be included in
the SIC model if the electron fluxes are known. The flux de-
termination is not straight forward though, because the satel-
lite observations are particularly hard to make successfully
due to the very narrow size of the electron bounce loss cone.
For most of the outer radiation belts, the loss cone is too nar-
row to be clearly resolved by existing satellite-borne particle
detectors. In the present case, we have no data available to
us which could be used to check if electron precipitation oc-
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Fig. 7. Model OH at 63 km on 18 January, the CTR (blue), CUT
(black,Kp saturated at 6), and SPE (red) run results are shown at
different magnetic latitudes. The green line shows the CUT run
results whenKp is not forced to values≤6.

curred or not during January 2005. Based on the study by
Clilverd et al.(2006a), there was significant electron precip-
itation late on 21 January, with some indication that the in-
variant magnetic latitude range affected was 60–66◦ N in the
pre-midnight sector. In the bottom panels of Fig.4, show-
ing the data for early 21 January, increases are seen at lati-
tudes larger than 59◦ N, which is consistent with the observed
EEP latitudes. Throughout the storm period (15–25 January)
some EEP would be expected as injected/accelerated elec-
trons are gradually lost to the atmosphere from the radiation
belts (Abel and Thorne, 1998; Horne, 2002). These typi-
cally cover the range 54–69◦ N, and might be expected to
contribute to some of the OH production at some of these
latitudes depending on the loss mechanism involved. Thus
it is possible that EEP is generating some of the increase of
OH between 57–60◦ N, and that this could explain the differ-
ence between the satellite observations and the model results.
Conversely we would also expect to see some effects as far
equatorwards as∼54◦ N if this were the case. Further mod-
elling of EEP in this context is required.

6 Summary

We have studied the latitudinal extent of the solar proton
event which occurred in January 2005. Hydroxyl measure-
ments from MLS/Aura instrument were used to define the
transition region where the SPE forcing depends upon the
time-varying magnetic rigidity cutoff imposed by the Earth’s
magnetic field. The observations were compared to the hy-
droxyl results from the Sodankylä Ion and Neutral Chemistry
model, which takes into account the time-varying, latitude-
dependent proton cutoff energies by a method based on mag-
netospheric modelling and particle-tracing studies.
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The observations show the cutoff transition region gener-
ally from 57 to 64 degrees of magnetic latitude, varying with
proton flux and theKp magnetic index. The model results
are in reasonable agreement with the observations. However,
when using theKp upper limit 6 in the cutoff modelling, as
suggested byRodger et al.(2006), the location of the equa-
toward boundary of the transition region is more polewards
than seen in the data, by 2–3 degrees in latitude, leading to an
underestimation of the extent of the proton forcing. If theKp

index is allowed to vary within its nominal range between
1–9, the equatoward boundary predicted by the modelling
agrees with the observations within 1◦ of latitude.
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