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Abstract: Energetic electron precipitation (EEP) into the atmosphere are considered to play an
important role in the natural forcing of the ozone variability and dynamics of the middle atmosphere
during magnetospheric and geomagnetic disturbances. Energetic electrons from the radiation belt
spill out into the atmosphere during geomagnetic disturbances and cause additional ionization rates
in the polar middle atmosphere. These rates of induced atmospheric ionization lead to the formation
of radicals in ion-molecular reactions at the heights of the mesosphere with the formation of reactive
compounds of odd nitrogen groups NOy and odd hydrogen groups HOx. These compounds are
involved in catalytic reactions that destroy ozone. The percentage of ozone destruction can depend
not only intensity of EEP but also on season where it happens. In this work, we study mesospheric
ozone depletion depending on seasons and precipitating energetic electrons with energies from keV
up to relativistic energies about 1 MeV, based on the NOAA POES satellites observations in 2003. For
estimation ozone deplation we use a one-dimensional radiative-convective model with ion chemistry.
As one of the main results, we show that, despite the intensity of EEP-induced ionization rates,
polar mesospheric ozone cannot be destroyed by EEP in summer in the presence of UV radiation.
In winter time, the maximum ozone depletion, at altitude of about 80 km, can reach up to 80%
during strong geomagnetic disturbances. In fall and spring, the maximum ozone depletion is less
intense and can reach 20% during strong geomagnetic disturbances. Linear relation of EEP induced
maximum mesospheric ozone depletion depending on geomagnetic disturbances and seasons have
been obtained.

Keywords: energetic electron precipitation (EEP); geomagnetic disturbances; ionization rates; seasons;
mesosphere; ozone depletion

1. Introduction

The precipitating electrons of the radiation belt are considered to play an important
role in the natural forcing of the middle atmosphere.

Precipitated electrons collide with molecules of air and induce increasing atmospheric
ionization rates (formation of ion pairs per second) [1,2] and references therein. Ionization
rates play a key role in production of reactive odd nitrogen (NOx = N + NO + NO2 and
NOy = NOx + NO3 + 2N2O5 + HNO3), e.g., [3,4] and odd hydrogen (HOx = H + OH + HO2),
e.g., [5,6] in the atmosphere. HOx production by energetic electron precipitation (EEP)
occurs only below about 90 km altitude where enough water vapor is available and NOx pro-
duction by auroral electrons and energetic electrons accelerates mostly about 110–100 km
altitude [4,7]. Finally energetic electron precipitation via production of ion pairs impacts
middle atmosphere chemistry, dynamics and leads to ozone depletion, e.g., [1,4,8–12].

Ozone depletion in the polar mesosphere about 60–80 km is a reason by enhanced
HOx and NOx concentrations that involves known catalytical ozone destruction cycles,
e.g., [9,10,12,13]. The maximum ozone depletion in the polar mesosphere is the most
pronounced at altitudes about 79 km and can exceed up to 90% for days, e.g., [10,11]. Such
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ozone depletion under EEP is comparable to the ozone destruction after one of the most
powerful solar energetic particle (SEP) event of January 2005 [14].

Ozone depletion stands upon on intensity of energetic particle precipitation through
the inducing atmospheric ionization rates, which in case of EEP strongly depend on
geomagnetic activity. In this article, we propose a study of this relationship. As a parameter
characterizing geomagnetic disturbance, we chose the planetary index of geomagnetic
disturbance Kp, dividing EEP events into three groups according to the magnitude of
geomagnetic activity.

On the other hand, the depletion of the ozone layer also depends on solar radiation
and, therefore, on the season. It is known that the reactions involved in ozone depletion
in the summer and winter polar regions are basically different [8]. The investigation of
ozone depletion under moderate SEP that takes place during a polar night season lead
to a large amount of ozone destruction that can be explained to formation of HOx and
NOx in the polar cap atmosphere and lead to more ozone destruction [15]. Some studies of
ozone variability under SEP, show that ozone quickly recovers after SEP event end in the
presence of solar radiation, whereas over the dark area the ozone demonstratesl depletion,
without recovery [16,17]. In the paper we explore not only summer and winter (as periods
of maximum and minimum influence of solar radiation), but also intermediate seasons.

In this paper, we study the mesosphere ozone depletion as a function of the season
and the precipitation of energetic electrons with energies from keV to relativistic energies
of about 1 MeV based on the NOAA POES satellite observations in 2003. To estimate ozone
depletion, we use a one-dimensional radiative-convective model with ion chemistry [18].

2. Materials and Methods
2.1. Energetic Electron Presipitation during Geomagnetic Disturbances

Near-Earth satellites, such as the Polar-orbiting Operational Environmental Satellites
(POES) registre precipitating electrons at altitude about 820 km, e.g., [19,20]. The Medium
Energy Proton and Electron Detectors (MEPED) instrument on board the NOAA POES
spacecraft has two identical electron telescopes with solid-state detectors and measures
electrons in several energy channels. Vertical telescope measures precipitating electrons,
while the horizontal telescopes track particles trapped in the Van Allan radiation belts [19].
In our study we use data from the MEPED vertical electron telescope to estimate electron
precipitation in high-latitude regions, where the EEP increase significantly during the
period of geomagnetic disturbances. The EEP data were taken from the MEPED in three
electron energy channels E1, E2, and E3 with electron energies >30, >100, and >300 keV,
respectively [19]. In addition, we use the P6 proton channel (>6900 keV), which is contami-
nated electrons with energies above 800 keV, while the P5 proton channel (2500–6900 keV)
is free of electrons. This means that in the absence particles in the P5 channel, the P6 channel
registers electrons with energies above 800 keV [20].

Energetic electron precipitation into atmosphere leads to induce ionization rates of the
atmosphere. The ionization rates of the atmosphere are the key parameter that uses in one-
dimensional radiative-convective model with ion chemistry to estimate ozone destruction and
climate change under energetic particle forcing. In this study we compute the ionization rates
Q(h) (ion pairs g −1 s −1) as follows: Q(h) =

∫ En
Ex

Y(h, E) · F(E)dE, where F(E) is a spectral
distribution (cm−2 s −1 sr−1 keV−1) of precipitating electrons at the top of atmosphere, and
Ex and En are the minimum and maximum energies of electrons in a flux. The calculation of
the yield function Y(h, E) is discussed in the recent paper [21]. The power-law integral energy
spectra F(E) are fitted MEPED POES satellite EEP flux mesurements.

In 2003 there were three satellites (NOAA POES 15, 16, and 17) in near-Earth space,
separated by 100 degree in longitude. Based on a comparison of the results of EEP
measurements on balloons [22,23] and onboard POES satellites in 2003, we propose a
criterion that makes it possible to constantly monitor EEP ionization at stratospheric
heights of the atmosphere using observations on POES satellites [24]. The criterion [24]
reads that P6 channel reading more or equal 100 pfu with zero P5 gives us information
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about EEP that can be observed at stratospheric heights of the atmosphere. It should be
noted that criterion [24] does not work during the injection of solar energetic particles or in
other words during SEP events, because proton channel P5 registers protons at this time.

For our study the results of all three POES satellites (NOAA POES 15, 16, and 17) that
met the specified conditions were averaged over a day. We use 16-s. MEPED measurement
results that meet the following conditions: measurement geographic latitude of foot-of-
field-line 60–70◦, geographic longitude of foot-of-field-line 0–360 ◦, McIlwain parameter
L = 4–8. All SEP events as well as a period that includes the major solar particle event on
the end of October 2003 known as the “Halloween storm” were excluded, because channel
P5 registers not electrons during these time intervals and we take only those days when the
electron precipitation was observed for at least 320 s.

EEP is strongly depend on geomagnetic disturbances, although this relationship is com-
plex. This relationship includes many processes that the supply and accumulation of energy in
the magnetosphere from the solar wind, the development of various waves, and the interaction
of waves with particles. As a result, both the acceleration of electrons and their entry into the
loss cone lead to precipitation of energetic electrons into the Earth’s atmosphere.

The strength of geomagnetic disturbances or geomagnetic storms is usually deter-
mined using various geomagnetic indices like as AE, Kp and Dst etc. In our study we
devided EEP on different levels of geomagnetic disturbances based on Kp index. Kp index
is a planetary index characterizing the global disturbances of the Earth’s magnetic field
in a three-hour time interval. For our study, we chose levels of geomagnetic activity as
(1)—strong geomagnetic disturbances q1 where Kp · 10 > 50, (2)—a moderate geomagnetic
environment q2 with a Kp · 10 index is 30 6 Kp · 10 < 50 and (3)—quiet conditions q3,
where Kp · 10 < 30.

According to our EEP selection we have for quiet geomagnetic conditions q1-16 EEP events,
for moderate geomagnetic conditions q2-155 EEP events and or high geomagnetic condi-
tions q3-114 EEP events.

Figure 1 shows ionization rate profiles variablity during 2003 devided by various levels of
geomagnetic activity. At Figure 1 blue lines present altitude profiles of atmospheric ionization
for all events. In addition, the figure shows the mean ionization rate profile for all events
(solid black line) and that within q1, q2 and q3 (red, orange and yellow lines respectively). One
can see that the maximum ionization rates for almost all events are at the upper boundary
of the mesosphere, at an altitude of about 90 km. As expected, the means within groups
q1, q2 and q3 correlate as follows: mean (q1) > mean (q2) > mean (q3). Based on this result,
we expect to find perturbations in the studied chemistry in the same ratio.

2.2. One-Dimensional Radiative-Convective Photochemical Model with Ion Chemistry

In this study we applied the discussed EEP induced ionization rates during two hours
(8–10 UT) into one-dimensional radiative-convective photochemical model with interac-
tive neutral and ion chemistry. The reason for choosing this time interval is dictated by
the circumstances of the observation of EEP precipitation by balloon observations over
selected regions [24] and the model time step. In the one-dimensional radiative-convective
photochemical model the complete ion chemistry scheme while modeling for studying
processes in the stratosphere and upper mesosphere is used [18]. An ionic–photochemical
block of the 1D-model is the main block with consideration for 30 positively charged ions,
12 negative ions and 29 neutrally charged gases. The model runs also include the ionization
by solar radiation in the Lyman-α line (121.6 nm) and the ionization in the UV region
102.7–111.8 nm. And in addition the ionization by EEP was included as described in the
Section 2.1.

Since the complete ion chemistry applied on top of standard parameterization, includ-
ing more than 100 reactions of ion chemistry [4], we can receive results in nitric chemical
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family NOy and in odd hydrogen family HOx, that includes HOx = H + OH + HO2. The
NOy chemical family includes NOy = NOx + NO3 + 2N2O5 + HNO3.

Figure 1. Blue lines—variability of ionization rate profiles during 2003. Black line—mean values of
ionization rates for 2003. Red line—mean values of ionization rates for high geomagnetic conditions
q1 (Kp·10 > 50). Orange line—mean values of ionization rates for moderate geomagnetic conditions
q2 (30 6 Kp·10 < 50 ). Yellow line—mean values of ionization rates for quiet geomagnetic conditions
q3 (Kp·10 < 30).

One-dimensional radiative-convective photochemical model with ion chemistry also
includes the main catalytic reactions with NOx that lead to the destruction of ozone:
NO + O3 = NO2 + O2 and NO2 + O = NO + O2 ⇒ O3 + O = 2O2. And catalytic reactions
with odd hydrogen HOx that is also an effective catalyst for the destruction of O3, especially
in the mesosphere: OH + O3 = HO2 + O2 and HO2 + O = OH + O2 ⇒ O3 + O = 2O2.

2.3. Superposed Epoch Analysis

As it was mentioned above we separated the EEP events of 2003 in three groups
based on their association with high geomagnetic disturbances q1, moderate geomagnetic
environment q2 and quiet conditions q3. We conducted superposed epoch analysis method
within each group separately to obtain averaged information on how the magnitudes of
geomagnetic activity and ozone depletion in the upper mesosphere are related. For all
three datasets ozone losses during events chosen superposed on each other. The zero epoch
is the midnight - the time where simulations with one-dimensional radiative-convective
photochemical model with ion chemistry is started. Since the ionization rates for all selected
events was applied in between 8 and 10 AM, the effects are observed since these time points.
Note that the ionization from the impact of the EEP is applied for 2 h within each event.
The effect within each event can last for several days.

2.4. Seasonal Partition Description

The paper also presents the results of considering seasonal dependence (as level of the
UV variability) of ozone depletion according to the ionization rate for 2003.

Solar radiation is an important factor for formation of the OH radicals, which leads to
the formation of oxygen atoms. The oxygen atoms in the excited state are generated only in
the presence of UV solar radiation due to the processes: O2 + hν(λ ≤ 175.9 nm)→ O (1D) + O
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and O3 + hν(λ ≤ 310 nm)→ O2 + O (1D). In its turn mechanism of NO formation includes
oxygen atoms in the excited state: N2O + O(1D)→ NO + NO [17]. Therefore, in the absence
of solar radiation, the formation of NO is impossible, and this means that ozone is less prone
to depletion. As soon catalytic reactions ozone depletion with NOx needs NO formation.
From the other side near the polar night boundary with absent of UV, photolysis of water
vapor decreases thus reducing the amount of HOx in the atmosphere, which, in turn,
decreases the effect of HOx catalytic cycles on O3 loss [15]. Based on the above mechanisms
of NOx and HOx formation with and without UV, it should be noted that the ozone content
in the mesosphere should be persistent in winter when UV is absent.

This mean the present or absent of solar radiation is one of the important factor that
can control ozone depletion induced by EEP ionization rates. Mesospheric ozone is more
stable during the polar night and highly dependent on UV radiation during the summer
with less dependence during the intermediate seasons.

Figure 2 is a representation for the seasons chosen. We chose four intervals for 2003,
which were assigned to the winter, spring, summer and fall periods. The division was
made relative to the days of the solstices and equinoxes. The numbers in the figure are
corresponding days of the year (DOY).

Figure 2. Seasonal partition. The spring period is for DOY in 36-126, the summer period is for
DOY in 126–219, the fall period is for DOY in 219–311; the remaining interval is associated with
winter period.

Thus, the chosen time intervals are located almost symmetrically with respect to the
chosen separation time points (equinoxes and solstices).

3. Results
3.1. EEP Ozone Depletion and Geomagnetic Disturbances

The EEP ionization rates were implemented into the one-dimensional radiative-
convective model with ion chemistry, taking into account the duration and levels of the
geomagnetic disturbance and its effects over seasons.

In Figure 3 three panels represent the results of applying the superposed epoch analysis
method for elements of the HOx family described earlier, in the levels of geomagnetic
activity q1, q2 and q3 from top to bottom panels. The result agrees with the theoretical
concepts: changes in HOx have a very short duration due to the low lifetime, and the
values are within the limits allowed for the mesosphere. In addition, the fact about the
strength of the effects of events is confirmed: the maximum change for q1 was 12 ppb, for
q2—10.5 ppb, for q3—2.8 ppb at altitude about 80 km. Discovered a little drift of maximum
response of HOx from q1 at 75 km to q3 at 85 km.
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Figure 3. Results of superposed epoch analysis method for elements of the HOx for the levels of
geomagnetic activity q1, q2 and q3. The white color represents values of ∆HOx less than 0.1 ppb.

It is notable that the increased amount of HOx remains increased for much more
than few hours after ionization was applied for various levels of geomagnetic activitye
q1, q2 and q3. In our results we observe the enhancement of ozone loss by odd nitrogen
modifiers [13]: the NOy (which includes the NOx) increasing leads to increase of HOx and
decrease of O3. The root cause is the increasing in NOx. Figure 4 demonstrates that the
cause is respected.

Figure 4 shows the changes in NOy for the superposed epoch analysis method within
groups q1, q2 and q3 in the same sequence as for HOx. The maximum values of NOy
remain at the same altitude around 105 km. The maximum values are 1050 ppb for q1,
350 ppb for q2 and 30 ppb for q3.

And therefore, since the increasing leading to increase in HOx, remains, both HOx and
NOy gain indicates that the ozone is depleting.

Figure 5 shows the results of superposed epoch analysis method of ozone simulation
for described levels of geomagnetic activity q1, q2 and q3. The maximum ozone depletion
up to 36% was obtained at altitude of about 80 km for geomagnetic disturbances which
characterized Kp·10 > 50. At about the same altitude range ozone depletion has place
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for q1, q2 and q3 geomagnetic disturbances. The depletion of the ozone layer reaches
36% for q1, up to 21% for q2 and up to about 5% for q3.

Figure 4. Results of superposed epoch analysis method elements of the NOy for the levels of
geomagnetic activity q1, q2 and q3. The white color represents values of ∆NOy less than 0.1 ppb.
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Figure 5. Results of superposed epoch analysis method of ozone simulation for the levels of geomag-
netic activity q1, q2 and q3.

The deep analysis of the EEP induced maximum of ozone depletion (during various
levels of geomagnetic disturbances) at the altitude of 79 km shown in Figure 6. Let us
consider the red line, i.e., high geomagnetic disturbance level (the q1 set) only, since the
following analysis can be applied to both q2 and q3 easily. We see that during night time
ozone accumulates (by 0 h, the midnight) reaching values of ∼1 ppm. During daytime
ozone depletes (by 12 h). But during next night (18–24 h) ozone mixing ratio is not
restored to that of one day before the event. In total, approximately 0.25 ppm of ozone
is depleted with the impact of EEP, which is 36% loss. The same analysis represented for
both q2 and q3 levels which leads to up to 21% and up to about 5% of ozone maximum
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decreases. The recovering of ozone layer after EEP is observed only on the second days
after the EEP event.

Figure 6. Ozone volume mixing ratios for q1 (red line), q2 (orange line) and q3 (yellow line) sets. The
shown time interval starts one day before the day of appliance of ionization rates and ends one day
after that (i.e., the 0–24 h is the day of the EEP event).

3.2. EEP Ozone Depletion and Seasons

Figure 7 shows EEP-driven mesospheric ozone depletion (in %) during time intervals
described in the Section 2.4, see Figure 2. The magnitude of the ozone depletion ∆O3 and
corresponding ionization rate Q are chosen at the altitude of 79 km, because at this altitude
level, according to Figure 5, the depletion peaks.

Here one can see, that in spite of intensity of EEP induced ionization rates, the meso-
spheric ozone would be mostly destroyed during winter period. During winter, EEP ozone
destruction can reach up to 80% in mesosphere during strong geomagnetic disturbances
with ionization rates ∼103 ion pairs cm−3 s−1 at about 80 km. EEP ozone depletion during
spring and fall periods is more or less the same, reaching a maximum of about 20%. In the
presence of UV effects of EEP on ozone depletion will be neglectable. In summer time, EEP
does not induce ozone depletion in spite of increasing ionization rates under geomagnetic
disturbances. It is clearly seen that an increase in ionization rates in winter, spring, and
autumn leads to a decrease in the ozone content in the mesospheric layer by about 80 km.
This means, see Figure 7, that linear dependences of ozone depletion on the ionization rate
and time of year have been obtained.

Figure 7. EEP forcing ozone response during various seasons. The ozone depletion ∆O3 and
corresponding ionization rate Q are chosen at the altitude of 79 km.
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4. Summary and Conclusions

In this work, we study mesospheric ozone depletion induced by energetic electron
precipitation (EEP) in dependence on seasons and levels of geomagnetic disturbances.

As EEP events we selected days of precipitating energetic electrons with energies
from keV up to relativistic energies about 1 MeV, based on the NOAA POES satellites
observations in 2003. For estimation EEP spectra we used the MEPED POES in three electron
energy channels and P6 proton channel which is contaminated electrons with energies
above 800 keV, while the P5 proton channel is free of electrons. All SEP events were
excluded, because channel P5 registers not electrons during these time intervals and we
take only those days when the electron precipitation was observed for at least 320 s [24].
Here we show that moderate to strong geomagnetic disturbances lead to EEP-induced
ionization rates with a maximum production of ions in the form of 103 ion pairs cm−3 s −1

per altitude of about 80 km of northern polar hemisphere (L = 4–8).
For estimation EEP ozone depletion we use a one-dimensional radiative-convective

photochemical model with ion chemistry. The model simulations was applied to the
region of polar mesosphere about 60–70 N where we have local time and seasons that
explained into the paper. We found that the EEP induced depletion of the mesospheric
ozone has maximum depletion at altitude about 80 km and reaches up to 36% during
strong geomagnetic disturbances with Kp·10 > 50, up to 21% for moderate geomagnetic
disturbances with 30 6 Kp·10 < 50 and up to about 5% for quiet geomagnetic conditions,
where Kp·10 < 30. During strong geomagnetic disturbances mesospheric ozone will be
recovered on the second day after precipitating energetic electrons.

Despite the intensity of the EEP-induced ionization rates, mesospheric ozone content
cannot be destroyed under EEP during summer time in the present UV. In winter time,
the maximum ozone depletion, at altitude of about 80 km, can reach up to 80% during
strong geomagnetic disturbances. In fall and spring, the maximum ozone depletion is less
intense and can reach 20% during strong geomagnetic disturbances. Linear dependences of
EEP induced ozone depletion depending on geomagnetic disturbances and seasons have
been obtained.

In this work we also trace the results of both direct (associated with HOx increase),
e.g., [10] and indirect (associated with NOx increase) [13] processes that lead to ozone loss
in upper mesosphere.

In conclusion, it can be said that ozone is stable in winter without the presence of
UV, and if EEP takes place during the polar winter night season, EEP will produce a large
amount of HOx and NOy, it means that EEP will lead to more ozone depletion comparable
to the polar fall, spring or summer with the presence of UV. The presence of UV radiation
dampens the effect of EEP on the formation of HOx and NOy and results in less ozone
depletion during polar autumn, spring or summer. The higher the UV, the less ozone
depletion occurs during EEP, regardless of the levels of geomagnetic disturbances. Here
we show the existence of linear dependences of EEP-induced maximum ozone depletion
on geomagnetic disturbances and seasons.
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