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Abstract. MIPAS/ENVISAT data of nighttime NO2 volume
mixing ratios (VMR) from 2007 until 2012 between 40 km
and 62 km altitude are compared with the geomagnetic Ap
index and solar Lyman-α radiation. The local impact of vari-
ations in geomagnetic activity and solar radiation on the
VMR of NO2 in the lower mesosphere and upper strato-
sphere in the Northern Hemisphere is investigated by means
of superposed epoch analysis. Observations in the Northern
Hemisphere show a clear 27-day period of the NO2 VMR.
This is positively correlated with the geomagnetic Ap in-
dex at 60–70◦ N geomagnetic latitude but also partially cor-
related with the solar Lyman-α radiation. However, the de-
pendency of NO2 VMR on geomagnetic activity can be dis-
tinguished from the impact of solar radiation. This indicates
a direct response of NOx (NO + NO2) to geomagnetic ac-
tivity, probably due to precipitating particles. The response
is detected in the range between 46 km and 52 km altitude.
The NO2 VMR epoch maxima due to geomagnetic activity
is altitude-dependent and can reach up to 0.4 ppb, leading to
mean production rates of 0.029 ppb (Ap d)−1. Observations
in the Southern Hemisphere do not have the same signifi-
cance due to a worse sampling of geomagnetic storm occu-
rances. Variabilities due to solar variation occur at the same
altitudes at 60–70◦ S geomagnetic latitude but cannot be an-
alyzed as in the Northern Hemisphere. This is the first study
showing the direct impact of electron precipitation on NOx
at those altitudes in the spring/summer/autumn hemisphere.

1 Introduction

Electrons of the aurora and the radiation belts can precip-
itate into the thermosphere, mesosphere, and even down
to the upper stratosphere (Berger et al., 1970; Fang et al.,
2008; Clilverd et al., 2010). They need relativistic ener-
gies (∼1–4 MeV) to intrude into the lower mesosphere/upper
stratosphere (Turunen et al., 2009). Precipitating electrons
can ionize or dissociate atmospheric N2, and subsequent
(ion-)chemical reactions lead to an effective NOx produc-
tion (Porter et al., 1976; Rusch et al., 1981; Sinnhuber et al.,
2012).

Auroral NO production is well known in the thermosphere
(e.g.,Siskind et al., 1989), whereas the significance of NOx
production due to electron precipitation in the mesosphere
and stratosphere is still unclear.Renard et al.(2006) found
an increase in stratospheric NO2 in January–April 2004, sup-
posing that the origin is caused by magnetospheric electrons,
but Funke et al.(2007) showed that wintertime downward
transport of thermospheric air was the more likely cause of
NOx enhancement in this case.Clilverd et al.(2009) showed
a significant response of NO2 VMR at 45–70 km altitude
at high northern latitudes to electron flux data in Febru-
ary 2004. However, in this case it is also unclear to what
extent wintertime downward transport has led to the ob-
served NOx increase (Sinnhuber et al.(2014)). Newnham
et al. (2011) showed a direct nitric oxide response above
70 km due to electron precipitation, but still, a direct re-
sponse of NOx below 70 km altitude due to electron precipi-
tation in the spring/summer/autumn hemisphere, where NOx
increases cannot be attributed to subsidence, has not been
observed to our knowledge. Thus, it is unclear how much
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NOx is produced directly in the mesosphere and upper strato-
sphere by electrons. An indirect indication of potential NOx
production, however, might be derived fromVerronen et al.
(2011) andAndersson et al.(2012), who showed a direct hy-
droxyl response to electron flux above 50 km.

A major influence on stratospheric and mesospheric NOx
is given by so-called solar proton events (SPE) (Crutzen
et al., 1975; Jackman et al., 1980). Proton precipitation leads
to an effective NOx production and can significantly enhance
the VMR, e.g., about 50–60 ppb in the lower mesosphere
in October–November 2003 (Jackman et al., 2005; López-
Puertas et al., 2005).

The NOx dependency on the solar spectral irradiance vari-
abilities in the upper stratosphere/lower mesosphere has been
investigated rarely to our knowledge.Keating et al.(1986)
observed a response to the 27-day solar rotation signal in
NO2 at low latitudes below 40 km altitude.Hood et al.(2006)
found a negative dependency of NOx anomalies on the Mg II
solar UV index at the equatorial stratopause, and a positive
dependency at high latitudes at the upper stratosphere and the
lower mesosphere using a 12 year data set of the Halogen Oc-
cultation Experiment (HALOE).Gruzdev et al.(2009) have
searched for the 27-day solar rotation signal in NO and NO2
by means of a 3-D chemistry–climate model study. They
have found significant sensitivities below 40 km and above
60 km, but not in between, although a connection with tem-
perature and ozone both depending on solar UV radiation
at these altitudes (Austin et al., 2007; Gruzdev et al., 2009)
seems plausible.

In this study we analyze NO2, which is the main con-
stituent of NOx in the upper stratosphere and lower meso-
sphere during night. For that, we use nighttime data of the
nominal mode observations of the Michelson Interferometer
for Passive Atmospheric Sounding (MIPAS,Fischer et al.,
2008) on the Environmental Satellite (ENVISAT). We use
the Ap index provided by the National Geophysical Data
Center (http://www.ngdc.noaa.gov) as an indicator of geo-
magnetic activity, and Lyman-α, provided by the LASP In-
teractive Solar Irradiance Data Center (LISIRD,http://lasp.
colorado.edu/lisird/), as an indicator of solar UV radiation.

2 MIPAS/ENVISAT

Until contact with ENVISAT was lost on 08 April 2012,
the MIPAS instrument recorded limb emission spectra of
the Earth’s atmosphere. Since spring 2002, MIPAS detected
many atmospheric trace gases in the infrared region (4.1–
14.7 µm) including NO2 by its fundamentalν3 band (6.2 µm).
Due to the sun-synchronous orbit of ENVISAT, MIPAS mea-
sured at∼ 10 a.m. and∼ 10 p.m. local time. We use night-
time data (solar zenith angle> 96◦) of the nominal measure-
ment mode (6–68 km). Data are retrieved by the IMK-IAA
processor (von Clarmann et al., 2003). The NO2 retrieval is
described inFunke et al.(2005) and has been improved since

then (Funke et al., 2011). We use daily means of the versions
V5R_NO2_220 and V5R_NO2_221. The arithmetic mean
of the averaging kernel diagonal elements of single obser-
vations has to be greater than 0.03 (Funke et al., 2011), in
order to take the daily means of NO2 into account.

MIPAS also observes NO that would allow us to analyze
the mesospheric response to geomagnetic variability for NOx
(NO+NO2) instead of NO2 alone. However, sensitivity tests
have shown that mesospheric NO retrieved during polar sum-
mer can be affected by a down-folded thermospheric signal
of the same order as the expected local response to geomag-
netic variability (∼1 ppb). Thus, small variations of geomag-
netic activity affecting thermospheric NO cannot be distin-
guished in the mesospheric NO signal from the possible lo-
cal impact on mesospheric NO. Since NO2 is not affected as
there is no thermospheric NO2, we only use this gas for data
analysis instead of NOx.

3 Data analysis

In this section, we give a short overview of the data we
use and the methods of data analysis (Sect.3.1). We use
the superposed epoch analysis method (SEA,Chree et al.,
1913), also known as the compositing method (von Storch
and Zwiers, 2001), to search for small responses to solar vari-
ations. For the Northern Hemisphere, we did SEAs with four
different conditions in order to distinguish between the de-
pendence on geomagnetic activity and solar UV radiation
(Sect. 3.2). We analyze the SEAs by means of the Pear-
son correlation coefficientr to determine linear dependen-
cies, and the quadrant correlation (Blomqvist et al., 1950) to
determine non-linear, monotone dependencies. Linear least-
square fits to the SEAs lead to the determination of the
altitude-dependent NOx lifetime, and the altitude- and Ap
index-dependent NOx production rate (Sect.3.3). Finally, we
performed one SEA for the Southern Hemisphere (Sect.3.4).

3.1 Method

Figure 1 shows the daily zonal means of nighttime NO2
VMR measured by MIPAS at 65± 5◦ N and 65± 5◦ S ge-
omagnetic latitude, the Ap index, and solar Lyman-α flux
in 2007–2012, i.e., during solar minimum (2007–2010) and
during solar maximum (2011–2012), as a function of time.
Days for analysis were chosen such that the influence of
other effects besides solar variabilities, e.g., due to NOx sub-
sidence in polar winter, is minimized in the Northern Hemi-
sphere. There was no SPE affecting the Earth’s atmosphere
in the years 2007–2009, but one SPE occurred in 2010, and
six SPEs in 2011 (http://www.swpc.noaa.gov). For each SPE
the days from the onset until three days after the maximum
are excluded. However, this was found to have no significant
effect on the results of the paper. On 23–30 January 2012 and
7–15 March 2012 strong SPE occurred, producing NOx the
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Table 1. Time periods for which MIPAS NO2 data are used in the
analysis. The periods left out for Figs. 9 and 10 are in parentheses.

Northern Hemisphere Southern Hemisphere

21 Mar 2007–28 Oct 2007 13 Sep 2007–07 Apr 2008
05 Apr 2008–05 Oct 2008 (17 Sep 2008–15 Apr 2009)
28 Apr 2009–07 Oct 2009 (02 Sep 2009–30 Mar 2010)
20 Mar 2010–12 Oct 2010 10 Sep 2010–15 Apr 2011
24 Feb 2011–05 Oct 2011 10 Sep 2011–21 Jan 2012

middle atmosphere (von Clarmann et al., 2013). Therefore,
we do not use MIPAS data from 23 January 2012 on.

At the chosen time periods (Table1), 659 daily means of
MIPAS NO2 VMR can be used in the Northern Hemisphere
and 697 in the Southern Hemisphere. We restrict our anal-
ysis to geomagnetic latitudes from 0◦ to 80◦ of each hemi-
sphere for the following reasons: first, with this restriction,
downwelling of NOx-rich upper atmospheric air of the other
hemisphere in polar winter is excluded. Second, because we
analyze nighttime data, and our time periods include polar
day at high latitudes, there is not sufficient data at geomag-
netic latitudes higher than 80◦. We analyze 10◦-zonal means,
restricting our analysis to spring/summer/autumn.

A direct correlation of the Ap index and NO2 VMR does
not lead to a significant result. First, this is due to the predom-
inance of the seasonal variability of NO2. Furthermore, only
NO2 anomalies can be unambiguously assigned to electron
fluxes (or UV radiation), because constant electron-induced
NOx production leads to an equilibrium concentration with-
out rapid time dependence. Mid- and long-term variations
compete against photochemistry and dynamics and are thus
unaccessible to our analysis. Hence, a high-pass filter is ap-
plied to NO2 VMR, Ap index, and Ly-α as outlined in the
following.

We assume that the measured NO2 VMR is composed of
two parts: The time-dependent NO2backgroundVMR that takes
mid- and long-term variations into account, and changes due
to short-time variabilities,1 NO2. NO2backgroundis determined
by a 27-day running mean representing a rectangular filter,
shown as a red curve in Fig.1 (top). In the same way, we
determine variabilities of geomagnetic activity and solar ra-
diation, i.e.,X = (NO2,Ap,Ly-α):

1X = Xmeasured− Xbackground. (1)

To show similarities in the short-term behavior of1 NO2,
1 Ap and 1 Ly-α, we use the superposed epoch analysis
(SEA) method, introduced byChree et al.(1913), also known
as the compositing method (von Storch and Zwiers, 2001).
We define four classes of epochs. Each epoch is a time inter-
val of±30 days around dayd. Days are considered, when Ap
index and/or solar Ly-α fluxes fulfill particular conditions on
dayd as specified below. Furthermore, only days are consid-
ered where MIPAS NO2 nighttime measurements are avail-
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Table 1. Time periods, for which MIPAS NO2 data are used in the
analysis. The periods left out for Figs. 9 and 10 are in parantheses.

Northern Hemisphere Southern Hemisphere
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28 Apr 2009 – 07 Oct 2009 (02 Sep 2009 – 30 Mar 2010)
20 Mar 2010 – 12 Oct 2010 10 Sep 2010 – 15 Apr 2011
24 Feb 2011 – 05 Oct 2011 10 Sep 2011 – 21 Jan 2012
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Fig. 1. First panel: Daily means of nighttime NO2 VMR in ppb at
65±5◦ N geomagnetic latitude and 50 km altitude in 2007–2012.
Second panel: The same for 65±5◦ S geomagnetic latitude. The
red/blue curve shows the 27 day running mean of the curve for the
days listed in Table 1. Third panel: Daily means of the Ap index in
2007–2012. The blue curve shows the 27 day running mean of the
curve for the days listed in the SH column in Table 1. The red curve
shows the same for the days listed in the NH column, shifted by 3.5
for the days defining the threshold of an ∆ Ap-event. Fourth panel:
Solar Lyman-α in 2007–2012. The blue curve shows the 27 day
running mean of the curve for the days listed in the SH column in
Table 1. The red curve shows the same for the days listed in the NH
column, shifted by 0.05 photonscm−2s−1 defining the threshold
of an ∆ Lyman-α-event.

Fig. 1. First panel: Daily means of nighttime NO2 VMR in ppb at
65± 5◦ N geomagnetic latitude and 50 km altitude in 2007–2012.
Second panel: The same for 65± 5◦ S geomagnetic latitude. The
red/blue curve shows the 27-day running mean of the curve for the
days listed in Table1. Third panel: Daily means of the Ap index in
2007–2012. The blue curve shows the 27-day running mean of the
curve for the days listed in the SH column in Table1. The red curve
shows the same for the days listed in the NH column, shifted by 3.5
for the days defining the threshold of an1 Ap event. Fourth panel:
Solar Lyman-α in 2007–2012. The blue curve shows the 27-day
running mean of the curve for the days listed in the SH column in
Table1. The red curve shows the same for the days listed in the NH
column, shifted by 0.05 photonscm−2s−1 defining the threshold of
an1 Lyman-α event.

able. It is possible that the same event can be counted in dif-
ferent epochs at, e.g., days –27, 0, and 27, but if some events
are counted several times, they will be counted for the1Ap,
1Ly-α, and1NO2 epochs, so the same averaged epochs are
compared.

– Epoch type 1.1 Ap > 3.5 (shown by the red curve
in Fig. 1, middle), to see the correlation between the
signals of1 NO2 and1 Ap. The criterion is chosen
in that way so that there are∼100 different epochs to
count in the Northern Hemisphere.

– Epoch type 2. 1 Ap > 3.5 and |1 Ly-α| <

0.015 photonscm−2s−1, in order to exclude UV
radiation as a source of NOx variation from epoch
type 1.

www.atmos-chem-phys.net/14/4055/2014/ Atmos. Chem. Phys., 14, 4055–4064, 2014
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Fig. 2.SEAs of 103/34/96/21 (epoch types 1/2/3/4, respectively) different events in 2007–2011 at 50 km altitude and 65±5◦ N geomagnetic
latitude. The columns define the epoch type number, the rows show1 NO2, 1 Ap, and1 Ly-α. The blue error bars show the 1σ range.

– Epoch type 3.1 Ly-α > 0.05×1011photonscm−2s−1

(shown by the red curve in Fig.1, bottom), to see the
correlation between the signals of1 NO2 and1 Ly-α.

– Epoch type 4.1 Ly-α > 0.05×1011photonscm−2s−1

and|1 Ap| < 1.0, in order to exclude particle precipi-
tation as a source of NOx production from epoch type
3.

Events at dayd are defined by the variations of the Ap in-
dex/solar Lyman-α flux and not by their absolute values for
the following reasons. First, a fixed threshold cannot define
each single event in a 5 yr period due to long-term variations
of the indices. Second, short-term variations in NO2 are sup-
posed to occur with short-term variations of the indices rather
than exceeding a threshold, with only little change in the ab-
solute value due to mid- or long-term variations. These are
in competition with photochemistry and dynamics and not
verifiable with the SEA.

The thresholds are chosen in this way so that on the one
hand the sample of events/epochs is sufficiently large, on
the other hand as high as possible. In the Northern Hemi-

sphere, we obtain the following number of eventsN =

103/34/96/21 for epoch types 1/2/3/4, respectively. These
N time series of the quantitiesq = (1NO2,1Ap,1Ly-α),
each 61 days long, are co-added

qi =

∑Mi

j=1qi,j

Mi

, i = [1,61], (2)

i.e., averaged under consideration of their phase with respect
to the1 Ap/1 Ly-α event, which is called SEA. Due to gaps
in the time series of NO2 VMR, the number of summands
Mi at each phase pointi is lower than the number of epochs
N (roughlyMi ' 0.7 · N ).

3.2 Northern Hemisphere: different epoch types

The SEA is exemplified in Fig.2 as a black curve at 50 km al-
titude and 65± 5◦ N geomagnetic latitude for1 NO2, 1 Ap,
and1 Ly-α and for all four epoch types. The blue error bars
show the 1σ standard error of the mean of each value in
all figures. In the following, we describe the different epoch

Atmos. Chem. Phys., 14, 4055–4064, 2014 www.atmos-chem-phys.net/14/4055/2014/
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types in detail, for each starting with the conditions men-
tioned in Sect.3.1.

Epoch type 1,1 Ap > 3.5, N = 103: There are sharp
peaks around days−27, 1, and 28 at1 NO2, around days
−27, 0, and 27 at1 Ap, and broad peaks at1 Ly-α with
maxima on the same days. This is consistent with the average
solar rotation. There is roughly the same peak value at days
−27, 0, and 27 at1 NO2 and1 Ly-α, but different peak val-
ues at1 Ap. This together with the broadening of the1 NO2
peak indicates the influence of the UV radiation. There are
distinct but insignificant small maxima between days−27,
0, and 27. They are triggered by high UV radiation averaged
out in the1Ly-α epoch of the figure, but due to non-linear
influences of UV radiation on1 NO2, which are explained
below, the observed small and non-significant maxima can
appear.

Epoch type 2, 1 Ap > 3.5 and |1 Ly-α| <

0.015photonscm−2s−1, N = 34: The significant corre-
lation between1 Ap and 1 NO2 is more pronounced, if
variations in 1 Ly-α are suppressed. The 27-day period
is clearly visible. Here, the central peak at day 1 is even
higher than those one period before and after. Evidently, the
averaged NO2 enhancement is linked to the1 Ap peaks,
which are an indicator of enhanced particle precipitation.
The out-of-phase UV-radiation signal appears faintly at
1 NO2 with a broad maximum around day−10.

Epoch type 3,1 Ly-α > 0.05× 1011photonscm−2s−1,
N = 96: There are broad peaks around days−27, 0, and 27 at
1 NO2, 1 Ap, and1 Ly-α and the correlation between1 Ly-
α, and1 NO2 is noticeably good. Additionally, the correla-
tion between1 Ap and1 NO2 is also very good.

Epoch type 4,1 Ly-α > 0.05×1011photonscm−2s−1 and
|1 Ap| < 1.0, N = 21: The1 Ap signal does not show a 27-
day period. Instead it is more noisy due to smallerN . The
1 NO2 signal is not as smooth as in epoch type 3, due to
the smallerN and due to a noisy1 Ap signal. Both epoch
types 3 and 4 show that changes in the UV flux have a signif-
icant impact on NO2, probably triggered by the response of
ozone and temperature to UV flux changes at these altitudes
(e.g.,Austin et al., 2007), throughout the 27-day cycle. Thus,
again, we have to consider the impact of UV radiation while
searching for the one of particle precipitation.

As discussed above, in epoch type 2, only very small UV
radiation variations are permitted. The correlation coefficient
r of that epoch type between1 Ap and1 NO2 is shown for
all calculated altitudes and geomagnetic latitudes in Fig.3
(10◦

×2 km grid). The three panels (top/middle/bottom) show
the resultantr when the 1 NO2 signal has a delay of
0/1/2 days, respectively. The correlation coefficient is highest
(greater than 0.6) at geomagnetic latitudes of the outer radi-
ation belt at 65± 5◦ N and one day delay. The central peak
of the1 NO2 SEA also appears on day 1. There is neither a
significant correlation at lower geomagnetic latitudes nor at
75± 5◦ N.
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Fig. 4. Correlation coefficient r of the SEA with respect to ∆ Ap
(epoch type 2) between ∆ Ap and ∆ NO2 with a delay of one day,
plotted over geographic latitudes.
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Fig. 5. Altitude- and geomagnetic latitude-dependent precision p of
the quadrant correlation of ∆ Ly-α and ∆ NO2. The sign indicates
whether the correlation is positive or negative.

0 20 40 60
geogr. latitude [deg N]

40

45

50

55

60

a
lt
it
u
d
e
 [
k
m

]

-99.
-95.
-90.
-75.
-50.
 50.
 75.
 90.
 95.
 99.
 p

Fig. 6. Same as Fig. 5 but with geographic latitudes.
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Fig. 7. Left: Altitude dependent sensintivity of ∆ NO2 on the
conditions of epoch type 1/2/3 shown in black/blue/red, respec-
tively. Middle: Altitude-dependent production rate pr or epoch type
1/2 shown in black/blue, respectively. Right: Altitude-dependent
∆ NO2-lifetime at night. All quantities were determined at 65±
5◦ N geomagnetic latitude. The error bars show the 1σ range. The
shadowed area marks the altitudes, where the determination of the
lifetime is not reliable.

Fig. 3. Correlation coefficientr of the SEA with respect to1 Ap
(epoch type 2) between1 Ap and1 NO2, plotted over geomagnetic
latitudes with 0/1/2 days delay (top/middle/bottom, respectively).

F. Friederich et al.: Local impact of solar variation on mesospheric NO2 9

    

40
45

50

55

60

a
lt
it
u

d
e

 [
k
m

]

 

 

    

40
45

50

55

60

a
lt
it
u

d
e

 [
k
m

]

0 20 40 60
geom. latitude [deg N]

40
45

50

55

60

a
lt
it
u

d
e

 [
k
m

]

-0.7

-0.6

-0.5

-0.4

-0.3

 0.3

 0.4

 0.5

 0.6

 0.7

   r

Fig. 3. Correlation coefficient r of the SEA with respect to ∆ Ap
(epoch type 2) between ∆ Ap and ∆ NO2, plotted over geomag-
netic latitudes with 0/1/2 days delay (top/middle/bottom, respec-
tively).

0 20 40 60
geogr. latitude [deg N]

40

45

50

55

60

a
lt
it
u

d
e

 [
k
m

]

 -0.7
 -0.6
 -0.5
 -0.4
 -0.3
  0.3
  0.4
  0.5
  0.6
  0.7
   r

Fig. 4. Correlation coefficient r of the SEA with respect to ∆ Ap
(epoch type 2) between ∆ Ap and ∆ NO2 with a delay of one day,
plotted over geographic latitudes.
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Fig. 5. Altitude- and geomagnetic latitude-dependent precision p of
the quadrant correlation of ∆ Ly-α and ∆ NO2. The sign indicates
whether the correlation is positive or negative.
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Fig. 7. Left: Altitude dependent sensintivity of ∆ NO2 on the
conditions of epoch type 1/2/3 shown in black/blue/red, respec-
tively. Middle: Altitude-dependent production rate pr or epoch type
1/2 shown in black/blue, respectively. Right: Altitude-dependent
∆ NO2-lifetime at night. All quantities were determined at 65±
5◦ N geomagnetic latitude. The error bars show the 1σ range. The
shadowed area marks the altitudes, where the determination of the
lifetime is not reliable.

Fig. 4. Correlation coefficientr of the SEA with respect to1 Ap
(epoch type 2) between1 Ap and1 NO2 with a delay of one day,
plotted over geographic latitudes.

We also calculated epoch type 2 for geographic zonal
means. The correlation coefficients for a delay of one day in
1 NO2 are shown in Fig.4. They become significantly lower
at high northern latitudes. Consequently, Figs.3 and4 point
out that the observed NOx is dependent on high northern ge-
omagnetic latitudes and not on geographic latitudes. This is
another hint at the local impact of electron precipitation.

Even though a dependence of1 NO2 on1 Ly-α is clearly
visible in the SEA, linear dependency cannot be assumed due
to several simultaneous influences. UV radiation has an im-
pact on the temperature, ozone, the ozone column above,
and on the NO photolysis rate, for example, each result-
ing in variations of the NO2 VMR at night. Thus we need
a method which is able to detect also nonlinear correlations.
We have chosen the quadrant correlation (Blomqvist et al.,
1950), which requires only that the relation between two
variables is monotonic. By this method, the precisionp is
determined, indicating the significance level of a monotonic
correlation between both variables.p does not determine the
strength of the correlation or the sign of the monotonicity.
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Fig. 4. Correlation coefficient r of the SEA with respect to ∆ Ap
(epoch type 2) between ∆ Ap and ∆ NO2 with a delay of one day,
plotted over geographic latitudes.
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Fig. 5. Altitude- and geomagnetic latitude-dependent precision p of
the quadrant correlation of ∆ Ly-α and ∆ NO2. The sign indicates
whether the correlation is positive or negative.
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Fig. 7. Left: Altitude dependent sensintivity of ∆ NO2 on the
conditions of epoch type 1/2/3 shown in black/blue/red, respec-
tively. Middle: Altitude-dependent production rate pr or epoch type
1/2 shown in black/blue, respectively. Right: Altitude-dependent
∆ NO2-lifetime at night. All quantities were determined at 65±
5◦ N geomagnetic latitude. The error bars show the 1σ range. The
shadowed area marks the altitudes, where the determination of the
lifetime is not reliable.

Fig. 5.Altitude- and geomagnetic latitude-dependent precisionp of
the quadrant correlation of1 Ly-α and1 NO2. The sign indicates
whether the correlation is positive or negative.
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(epoch type 2) between ∆ Ap and ∆ NO2, plotted over geomag-
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Fig. 4. Correlation coefficient r of the SEA with respect to ∆ Ap
(epoch type 2) between ∆ Ap and ∆ NO2 with a delay of one day,
plotted over geographic latitudes.
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Fig. 5. Altitude- and geomagnetic latitude-dependent precision p of
the quadrant correlation of ∆ Ly-α and ∆ NO2. The sign indicates
whether the correlation is positive or negative.

0 20 40 60
geogr. latitude [deg N]

40

45

50

55

60

a
lt
it
u
d
e
 [
k
m

]

-99.
-95.
-90.
-75.
-50.
 50.
 75.
 90.
 95.
 99.
 p

Fig. 6. Same as Fig. 5 but with geographic latitudes.
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Fig. 7. Left: Altitude dependent sensintivity of ∆ NO2 on the
conditions of epoch type 1/2/3 shown in black/blue/red, respec-
tively. Middle: Altitude-dependent production rate pr or epoch type
1/2 shown in black/blue, respectively. Right: Altitude-dependent
∆ NO2-lifetime at night. All quantities were determined at 65±
5◦ N geomagnetic latitude. The error bars show the 1σ range. The
shadowed area marks the altitudes, where the determination of the
lifetime is not reliable.

Fig. 6.Same as Fig.5 but with geographic latitudes.

Here, every daily mean is considered, subject to the condition
that|1 Ap| < 1.0 is true for a certain day and the day before.

In Fig. 5, the quadrant correlation is plotted over geomag-
netic latitudes, and in Fig.6 over geographic latitudes, re-
spectively. The color code shows bothp and the sign of the
correlation. Figure5 shows a positive correlation at 65±5◦ N
geomagnetic latitude, which could be caused by electron pre-
cipitation in phase with solar Lyman-α flux, not filtered out
by the Ap index criterion. In Fig.6, there is a strong corre-
lation at 45–65◦ N and 48–50 km altitude. It could be partly
a blurred effect of the positive correlation appearing in geo-
magnetic latitudes, but sincep is even higher, other effects
have to be taken into account. Simultaneous variations in
temperature, ozone, and NO photolysis triggered by UV ra-
diation can affect1 NO2 as well. This can lead to a posi-
tive correlation at high latitudes and a negative correlation at
lower latitudes.

However, the detailed analysis of the UV-radiation re-
sponse is beyond the scope of the paper. In the following,
it is only essential that the UV-radiation response does not
affect the Ap response, which is the case for epoch type 2.

3.3 Northern Hemisphere: fit to the SEA

In order to determine an Ap index-dependent NOx produc-
tion rate we fit a simple model to the epoch type 2 SEAs
of 1 NO2 at 65±5◦ N geomagnetic latitude. We account for
a linear dependency of the Ap index, namely the NOx pro-
duction rate per daypr, and the altitude-dependent NOx life-
time τ . Since we analyze NO2 at a fixed local times (and
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Fig. 4. Correlation coefficient r of the SEA with respect to ∆ Ap
(epoch type 2) between ∆ Ap and ∆ NO2 with a delay of one day,
plotted over geographic latitudes.
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Fig. 5. Altitude- and geomagnetic latitude-dependent precision p of
the quadrant correlation of ∆ Ly-α and ∆ NO2. The sign indicates
whether the correlation is positive or negative.
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Fig. 7. Left: Altitude dependent sensintivity of ∆ NO2 on the
conditions of epoch type 1/2/3 shown in black/blue/red, respec-
tively. Middle: Altitude-dependent production rate pr or epoch type
1/2 shown in black/blue, respectively. Right: Altitude-dependent
∆ NO2-lifetime at night. All quantities were determined at 65±
5◦ N geomagnetic latitude. The error bars show the 1σ range. The
shadowed area marks the altitudes, where the determination of the
lifetime is not reliable.

Fig. 7. Left: Altitude-dependent sensitivity of1 NO2 on the con-
ditions of epoch types 1/2/3 shown in black/blue/red, respec-
tively. Middle: Altitude-dependent production ratepr or epoch type
1/2 shown in black/blue, respectively. Right: Altitude-dependent
1 NO2 lifetime at night. All quantities were determined at 65±5◦ N
geomagnetic latitude. The error bars show the 1σ range. The shad-
owed area marks the altitudes, where the determination of the life-
time is not reliable.

hence roughly constant NOx partitioning), retrieved NO2
lifetimes correspond to NOx lifetimes. Effects of the rectan-
gular filter we use to determine NO2backgroundare insignificant.
As a first step, we determinepr andτ iteratively by mini-
mizing the residual:

χ2
=

60∑
i=0

(∑T
t=0e

−t
τ · pr · 1Api−t − 1NO2i

σi

)2

. (3)

T denotes an integer depending onτ (typically ∼ 2− 3 · τ ).
σi denotes the variance of1NO2i . In Fig.7 (right), τ is plot-
ted in dependence on the altitude. At altitudes higher than
54 km, τ becomes most likely lower than one day, but the
analysis of daily means is not able to resolve that. This is
why the figure is shadowed at these altitudes. The1 NO2
lifetimes are significantly lower at all altitudes than the NOx
lifetimes after an SPE determined byFriederich et al.(2013).
τ is mostly triggered by dynamics at these altitudes (Brasseur
and Solomon, 2005; Friederich et al., 2013). At an SPE, NOx
is enhanced over the whole polar cap, whereas NOx enhance-
ment due to electron precipitation is restricted to a small re-
gion. Due to mixing with air that was not affected by electron
precipitation the dynamical lifetime of NOx is significantly
lower than after a SPE.

In order to determinepr precisely together with its vari-
ance, we applied a least squares fit utilizingτ determined
before. In Fig.7 (middle), pr is plotted with its 1σ range
in dependence on altitude. The black curve shows the result
for epoch type 1, the blue one for epoch type 2. The1 NO2

Atmos. Chem. Phys., 14, 4055–4064, 2014 www.atmos-chem-phys.net/14/4055/2014/
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Fig. 10. Altitude dependent sensintivity of ∆ NO2 on the condi-
tions of epoch type 1 at 65±5◦ S geomagnetic latitude.

Fig. 8.SEA of1 NO2 at 65±5◦ N geomagnetic latitude and differ-
ent altitudes (black). In red the corresponding fits.

value at day 1, hereinafter called sensitivity, of the epoch
types 1/2/3 is shown as a black/blue/red curve, respectively,
in the left column of Fig.7.

Below 44 km there is neither any signal in the sensitivity
nor in the production rate. Thus, 44 km is the lower bound-
ary, where electron precipitation can be detected with NO2
measurements of MIPAS in 2007–2011. The sensitivity max-
imizes at 48 km at 0.20/0.41 ppb for epoch types 1 and 2, re-
spectively, while the production rate maximizes at 50 km at
0.015/0.029 ppb(Apd)−1. The difference in altitude can be
explained by the different NOx lifetimes. At altitudes higher
than 52 km there is neither any significant sensitivity nor any
positive production rate. This is most probably due to the fact
that the NOx lifetime is lower than one day making it im-
possible to detect it by analyzing daily means. Nevertheless,
it should be considered that the NO2/NOx ratio decreases
with increasing altitude at night. Additionally, the efficiency
of NOx production due to ionization, which is mainly influ-
enced by temperature-dependent reactions, shows its peak
between 42 km and 52 km (Funke et al., 2011; Friederich
et al., 2013). These two reasons could also explain the de-
crease in the production rate from 50 km to 52 km. In Fig.8,
the averaged epochs of epoch type 2 at 54, 50, and 46 km al-
titude are shown in black (top/middle/bottom, respectively).
The fits to each of them are shown in red. These fits illus-
trate that the central peak and the peaks around days±27
can be explained by an Ap index-dependent NOx production
considering the altitude-dependent NOx lifetime.

3.4 Southern Hemisphere

We performed the same analysis for the Southern Hemi-
sphere at the time periods as described in Table1. It turned
out that applying the criteria of the different epoch types to
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tions of epoch type 1 at 65±5◦ S geomagnetic latitude.

Fig. 9. Epoch type 1 SEA of1 NO2 at 65± 5◦ S geomagnetic lati-
tude and 50 km altitude. The blue error bars show the 1σ range.

the whole data set did not lead to any significant results. The
reason for that is the sampling of the Ap index. Ap events
are generally lower during the periods of polar summer in
the Southern Hemisphere used for the analysis, especially in
the southern summers of 2008/2009 and 2009/2010. The Ap
index is so low during these periods that it has no signifi-
cant effect on1 NO2, and other variations perturb the SEA.
Therefore, these two periods are taken out of the analysis.
There are 372 daily means of MIPAS measurements left. Ap-
plying epoch type 1 leads to 68 events.

In Fig. 9, the SEA of epoch type 1 is shown for 65± 5◦ S
geomagnetic latitude and 50 km altitude. The maximum val-
ues around 0.1 ppb of1 NO2 are at days 1 and 2, but the peak
is very broad. The other maxima are at day –26 and at day
25. The minima are at days –13 and 13. A 27-day cycle is
slighty identifiable, but the width of the peaks and the rela-
tive errors are larger than in the Northern Hemisphere. This
is due to the lower number of used measurements and due
to the worse sampling of the Ap index in the periods. Thus,
SEAs of the other epoch types and a correlation analysis do
not lead to any significant result. In Fig.10 the sensitivity of
1 NO2 at day 1 is shown. Maximum values are 0.09 ppb at
48 and 50 km altitude. The altitudes with the highest sensi-
tivity and the shape of the curve are similar to the Northern
Hemisphere and confirm the results of Sect.3.2and3.3. The
maximal values are lower due to the reasons already men-
tioned.

4 Conclusions

We showed the significant influence of solar variabilities on
nighttime NO2 and consequently on NOx in the lower meso-
sphere and upper stratosphere during solar minimum and the
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Fig. 10.Altitude-dependent sensitivity of1 NO2 to the conditions
of epoch type 1 at 65± 5◦ S geomagnetic latitude.

beginning of solar maximum. The 27-day period is clearly
visible in 1 NO2 generated by short-time variabilities in so-
lar UV radiation and electron precipitation. We have distin-
guished the geomagnetic influence from that of UV radia-
tion at 60–70◦ N geomagnetic latitude. This distinction and
the fact that there is only a signal at geomagnetic latitudes
of the outer radiation belt lead to the conclusion that elec-
tron precipitation is a source of NOx production in the lower
mesosphere and upper stratosphere.

The MIPAS nighttime NO2 signal shows a delay of one
day to the Ap index. Likewise, other studies have shown a de-
lay of one day of the auroral NO production compared to au-
roral activity between 100 km and 160 km (Solomon et al.,
1999; Marsh et al., 2004). Newnham et al.(2011) see a 1–
2 day delay of enhanced NO, with respect to the> 30 keV
and> 300 keV electron flux at altitudes between 70 km and
85 km. Thus, the MIPAS NO2 observations in the lower
mesosphere and upper stratosphere are consistent with pre-
vious NO observations in the upper mesosphere and lower
thermosphere but are of considerably lower magnitude.

The correlation coefficientr between the SEAs of1 Ap
and1 NO2 is greater than 0.4 between 44 km and 52 km alti-
tude.Andersson et al.(2012) showed that the correlation co-
efficients of single events between daily mean OH and daily
mean 100–300 keV electron count rates are greater than 0.35
down to 52 km. They did not find a clear correlation below.
The NO2 enhancement due to electron impact shown in this
study is low but significant. Altitude-dependent production
rates were determined maximizing at 0.029 ppb(Apd)−1 at
50 km altitude. Above, the decrease of the signal with altitude
could be explained by a decrease in the nighttime NO2/NOx
ratio with increasing altitude, with the efficiency of NOx pro-
duction, and mainly with the altitude-dependent NOx life-
time.

Observations in the Southern Hemisphere are less signifi-
cant due to a worse sampling of the Ap index during the an-
alyzed time periods. Nevertheless, they show a slight 27-day
cycle and confirm that the altitudes of maximal sensitivity of
NO2 to solar variation are 48–50 km.

This is the first study showing the independent influ-
ence of electron precipitation on NO2, and on trace gases
in general, at altitudes between 46 km and 52 km in the
spring/summer/autumn hemisphere to our knowledge. Fur-
ther studies are necessary to investigate the possible impact
on ozone and examine the NOx production rates during solar
maximum.
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