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Abstract

MIPAS/ENVISAT data of nighttime NO, volume mixing ratios (VMR) from 2007 until
2011 between 40 km and 62 km altitude are compared with the geomagnetic Ap index
and solar Lyman a radiation. The local impact of variations in geomagnetic activity and
solar radiation on the VMR of NO,, in the lower mesosphere and upper stratosphere
in the Northern Hemisphere is investigated by means of superposed epoch analysis.
Observations show a clear 27 day period of the NO, VMR. This is positively correlated
to the geomagnetic Ap index at 60—70° N geomagnetic latitude but also partially corre-
lated to the solar Lyman a radiation. However, the dependency of NO, VMR on geo-
magnetic activity can be distinguished from the impact of solar radiation. This indicates
a direct response of NO, (NO + NO,) to geomagnetic activity, probably due to precip-
itating particles. The response is detected in the range between 46 km and 52 km alti-
tude. The NO, 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.
This is the first study showing the local impact of electron precipitation on trace gases
at that altitudes in the spring/summer/autumn hemisphere.

1 Introduction

Electrons of the aurora and the radiation belts can precipitate 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 energies to intrude into the lower
mesosphere/upper stratosphere (Turunen et al., 2009). Precipitating electrons can ion-
ize or dissociate atmospheric N,, and subsequent (ion-)chemical reactions lead to an
effective NO, production (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 NO,-production due to electron precipitation in the meso-
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sphere and stratosphere is still unclear. Renard et al. (2006) found an increase in strato-
spheric NO, in January—April 2004, supposing that the origin is caused by magneto-
spheric electrons, but Funke et al. (2007) showed that wintertime downward transport
of thermospheric air was the more likely cause of NO, enhancement in this case. Clil-
verd et al. (2009) showed a significant response of NO, VMR at 45-70 km altitude at
high Northern latitudes to electron flux data in February 2004. However, also in this
case it is unclear, to what extent wintertime downward transport has lead to the ob-
served NO, increase. Newnham et al. (2011) showed a direct nitric oxide response
above 70km due to electron precipitation. But still, a direct response of NO, below
70 km altitude due to electron precipitation in the spring/summer/autumn hemisphere,
where NO, increases cannot be attributed to subsidence, has not been observed to our
knowledge. Thus, it is unclear how much NO, is produced directly in the mesosphere
and upper stratosphere by electrons. An indirect indication of potential NO, production,
however, might be derived from Verronen et al. (2011) and Andersson et al. (2012), who
showed a direct hydroxyl response to electron flux above 50 km.

A major influence on stratospheric and mesospheric NO, is given by so-called solar
proton events (SPE) (Crutzen et al., 1975; Jackman et al., 1980). Proton precipita-
tion leads to an effective NO,-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; Lopez-Puertas et al., 2005).

The NO, dependency on the solar spectral irradiance variabilities in the upper strato-
sphere/lower mesosphere has been investigated rarely to our knowledge. Keating et al.
(1986) observed a response to the 27 day solar rotation signal in NO, at low lati-
tudes below 40 km altitude. Hood et al. (2006) found a negative dependency of NO,-
anomalies on the Mgll solar UV index at the equatorial stratopause, and a positive
dependeny at high latitudes at the upper stratosphere and the lower mesosphere us-
ing a 12 year data set of the Halogen Occultation Experiment (HALOE). Gruzdev et al.
(2009) have searched for the 27 day solar rotation signal in NO and NO, by means of
a 3-D Chemistry-Climate Model study. They have found significant sensitivities below
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40 km and above 60 km, but not in between, although a connection with temperature
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 NO,, which is the main constituent of NO, in the upper
stratosphere and lower mesosphere 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 for geomagnetic activity, and Lyman a, provided by the LASP
Interactive Solar Irradiance Data Center (LISIRD, http://lasp.colorado.edu/lisird/), as an
indicator for solar UV radiation.

2 MIPAS/ENVISAT

Until contact was lost to ENVISAT 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 um) including NO, by
its fundamental v4 band (6.2 pm). Due to the sun-synchronous orbit of ENVISAT, MI-
PAS measured at ~10a.m. and ~ 10p.m. local time. We use nighttime data (solar
zenith angle > 96°) of the nominal measurement mode (6—68 km). Data are retrieved
by the IMK-IAA processor (von Clarmann et al., 2003). The NO,-retrieval is described
in Funke 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 observations has to be greater than
0.03, in order to take the daily means of NO, into account.

32330

Jaded uoissnosiq | J4adedq uoissnosiq | J4aded uoissnosiq

Jaded uoissnosiq

ACPD
13, 32327-32351, 2013

Local impact of solar
variation on
mesospheric NO,

F. Friederich et al.

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/32327/2013/acpd-13-32327-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/32327/2013/acpd-13-32327-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.ngdc.noaa.gov
http://www.ngdc.noaa.gov
http://www.ngdc.noaa.gov
http://lasp.colorado.edu/lisird/

10

15

20

25

3 Data analysis

In this section, we give a short overview about 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 variations. We did SEAs with four different
conditions in order to distinguish between the dependence on geomagnetic activity
and solar UV radiation (Sect. 3.2). We analyze the SEAs by means of the Pearson
correlation coefficient r to determine linear dependencies, and the quadrant correlation
(Blomqvist et al., 1950) to determine non-linear, monotone dependencies. Finally, linear
least-square fits to the SEAs lead to the determination of the altitude-dependent NO, -
lifetime, and the altitude- and Ap-index-dependent NO,-production rate (Sect. 3.3).

3.1 Method

Figure 1 shows the daily zonal means of nighttime NO, VMR measured by MIPAS at
65+5° N geomagnetic latitude, the Ap index, and solar Lyman a flux in 2007-2011, i.e.,
during solar minimum, as a function of time. Days for analysis were chosen such that
the influence of other effects besides solar variabilities, e.g., due to NO, subsidence
in polar winter, is minimized in the Northern Hemisphere. 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.

At the chosen time periods over exactly 1000 days (Table 1), 659 daily means of
MIPAS NO, VMR can be used. We restrict our analysis to geomagnetic latitudes from
50° S to 80° N for following reasons: first, with this restriction, downwelling of NO,-rich
upper atmospheric air in Southern polar winter is excluded. Second, because we ana-
lyze nighttime data, and our time periods include polar day at high Northern latitudes,
there is not sufficient data at geomagnetic latitudes higher than 80°N. We analyze
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10°-zonal means, restricting our analysis to Northern spring/summer/autumn because
geomagnetic latitudes can be determined in the Northern Hemisphere more precisely
than in the Southern Hemisphere.

A direct correlation of the Ap index and NO, VMR does not lead to a significant
result. First, this is due to the predominance of the seasonal variability of NO,. Fur-
ther, only NO, anomalies can be unambiguously assigned to electron fluxes (or UV
radiation), because constant electron-induced NO,-production leads to an equilibrium
concentration without 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 applied to NO, VMR, Ap index, and Ly a as outlined in
the following.

We assume that the measured NO, VMR is composed of two parts: The time-
dependent NO2background VMR which takes mid- and long-term variations into account,
and changes due to short-time variabilities, A NO.. NO2background is 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
radiation, i.e., X = (NO,,Ap,Lya):

AX = Xneasured — Xbackground- (1)

To show similarities in the short-term behavior of ANO,, A Ap and ALy a, we use the
superposed epoch analysis (SEA) method, introduced by Chree 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 interval of £30days around day d. Days are
considered, when Ap index and/or solar Ly a-fluxes fulfill particular conditions on day
d as specified below. Further, only days are considered where MIPAS NO, nighttime
measurements are available.

Epoch type 1. AAp > 3.5 (shown by the red curve in Fig. 1, middle), to see the
correlation between the signals of A NO, and A Ap.
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Epoch type 2. AAp >3.5and |ALya| < 0.015photonscm‘2 s~ in order to exclude
UV radiation as a source of NO,-variation from epoch type 1.

Epochtype 3. ALy a > 0.05x10"" photonscm_2 s (shown by the red curve in Fig. 1,
bottom), to see the correlation between the signals of ANO, and ALy a.

Epoch type 4. ALy a > 0.05 x 10" pho’[onscm_2 s ' and |A Ap| < 1.0, in order to ex-
clude particle precipitation as a source of NO,-production from epoch type 3.

Events at the day d are defined by the variations of the Ap index/solar Lyman a
flux and not by their absolute values for the following reasons. First, a fixed threshold
cannot define each single event in a 5yr period due to long term-variations of the
indices. Second, short-time variations in NO, are supposed to occur with short-time
variations of the indices rather than exceeding a threshold with only little change in
the absolute 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, that on the one hand the sample of
events/epochs is sufficiently large, on the other hand as high as possible. We obtain the
following number of events N = 103/34/96/21 for epoch type 1/2/3/4, respectively.
These N time series of the quantities g = (ANO,, AAp, ALy a), each 61 days long, are
co-added
— ij:’1 a,

/.
QI=T51=[1!61]! (2)

i.e., averaged under consideration of their phase with respect to the A Ap/A Ly a event,
which is called SEA. Due to gaps in the time series of NO, VMR, the number of
summands M; at each phase point / is lower than the number of epochs N (roughly

32333

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

ACPD
13, 32327-32351, 2013

Local impact of solar
variation on
mesospheric NO,

F. Friederich et al.

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/32327/2013/acpd-13-32327-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/32327/2013/acpd-13-32327-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

3.2 Different epoch types

The SEA is exemplified in Fig. 2 as a black curve at 50 km altitude and 65+ 5° N ge-
omagnetic latitude for ANO,, A Ap, and A Ly a and for all four epoch types. The blue
error bars show the 10 standard error of the mean of each value in all figures. In the
following, we describe the different epoch types in detail, for each starting with the
conditions mentioned in Sect. 3.1.

Epoch type 1, AAp > 3.5, N = 103: There are sharp peaks around the days -27, 1,
and 28 at ANO,, around the days —-27, 0, and 27 at A Ap, and broad peaks at ALy a
with maxima on the same days. This is consistent with the average solar rotation. There
is roughly the same peak value at the days —-27, 0, and 27 at ANO, and Alya, but
different peak values at A Ap. This together with the broadening of the ANO, peak
indicates the influence of the UV radiation. There are distinct, but not significant small
maxima between the days -27, 0, and 27. They are triggered by out-of-phase UV
radiation having a non-linear influence on A NO,, which is explained below.

Epoch type 2, AAp>3.5and |ALya| < 0.015photonscm™s™', N = 34: The signif-
icant correlation between A Ap and A NO, is more pronounced, if variations in ALy o
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 NO,
enhancement is caused by pure electron precipitation. The out-of-phase UV-radiation
signal appears faintly at A NO, with a broad maximum around the day —10.

Epoch type 3, ALy a > 0.05 x 10" photonscm'2 3'1, N = 96: There are broad peaks
around the days —-27, 0, and 27 at ANO,, A Ap, and A Ly a and the correlation between
Alya, and ANO, is noticeably good.

Epoch type 4, ALya > 0.05 x 10" photonscm'2 s and |AAp| < 1.0, N=21: The
signal is not as smooth as in epoch type 3, due to the smaller N and due to a noisy A Ap
signal. Both epoch types 3 and 4 show that changes in the UV flux have a significant
impact on NO,, 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.

32334

Jaded uoissnosiq | J4aded uoissnosiq

Jaded uoissnosiq | Jaded uoissnosiq

ACPD
13, 32327-32351, 2013

Local impact of solar
variation on
mesospheric NO,

F. Friederich et al.

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/32327/2013/acpd-13-32327-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/32327/2013/acpd-13-32327-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

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 between A Ap and ANO,
is shown for all calculated altitudes and geomagnetic latitudes in Fig. 3. The three
panels (top/middle/bottom) show the resultant r when the ANO, 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 radiation belt at 65 +5° N and one day delay. The
central peak of the A NO, SEA appears also at day 1. There is no significant correlation
at lower Northern or Southern geomagnetic latitudes.

We also calculated epoch type 2 for geographic zonal means. The correlation co-
efficients for a delay of one day in ANO,, are shown in Fig. 4. They become signifi-
cantly lower at high Northern latitudes. Consequently, Figs. 3 and 4 point out that the
observed NO, is dependent on high Northern geomagnetic latitudes and not on geo-
graphic latitudes. This is another hint for the local impact of electron precipitation.

Even though a dependence of ANO, on ALy a is clearly visible in the SEA, linear
dependency cannot be assumed due to several simultaneous influences. UV radiation
has an impact on the temperature, ozone, the ozone column above, and on the NO
photolysis rate, for example, each resulting in variations of the NO, VMR at night. Thus
we need a method which is able to detect also nonlinear correlations. We have chosen
the quadrant correlation (Blomqyvist et al., 1950) which requires only that the relation
between two variables is monotonic. Here, every daily mean is considered, subject to
the condition that |A Ap| < 1.0 is true for the certain day and the day before.

In Fig. 5, the quadrant correlation is plotted over geomagnetic latitudes, in Fig. 6,
respectively, over geographic latitudes. The color code shows both the precision p and
the sign of the correlation. Figure 5 shows a positive correlation on 65+5°N geo-
magnetic latitude which could be caused by electron precipitation in phase with solar
Lyman a flux, not filtered out by the Ap index criterion. In Fig. 6, there is a strong cor-
relation at 45-65°N and 48-50 km altitude. It could be partly a blurred effect of the
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positive correlation appearing in geomagnetic latitudes. But since p is even higher, si-
multaneous variations in temperature, ozone, and NO-photolysis affect A NO, as well,
leading to a positive correlation at high latitudes and a negative correlation at lower
latitudes.

However, the detailed analysis of the UV-radiation response 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 Fitto the SEA

In order to determine an Ap index depending NO, -production rate we fit a simple model
to the epoch type 2-SEAs of ANO, at 65 +5° N geomagnetic latitude. We account for
a linear dependency of the Ap index, namely the NO,-production rate per day pr,
and the altitude-dependent NO, lifetime 7. Effects of the rectangular filter we use to
determine Nozbackground are insignificant. As a first step, we determine pr and 7 iteratively
by minimizing the residual:

> 2 erzo o7 -pr-AAp;_; — ANO,; i
=

i=0

(3)

Oj

T denotes an integer depending on 7 (typically ~2 - 3-7). 0; denotes the variance
of ANOy,. In Fig. 7 (right), 7 is plotted in dependence on the altitude. At altitudes
higher than 54 km, 7 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.
The A NO,-lifetimes are significantly lower at all altitudes than the NO,-lifetimes after
a SPE determined by Friederich et al. (2013). 7 is mostly triggered by dynamics at
these altitudes (Brasseur and Solomon, 2005; Friederich et al., 2013). At a SPE, NO,
is enhanced over the whole polar cap, whereas NO, enhancement due to electron
precipitation is restricted to a small region. Due to mixing with air which was not affected
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by electron precipitation the dynamical lifetime of NO, is significantly lower than after
a SPE.

In order to determine pr precisely together with its variance, we applied a least
squares fit utilizing 7 determined before. In Fig. 7 (middle), pr is plotted with its 10
range in dependence on altitude. The black curve shows the result for epoch type 1,
the blue one for epoch type 2. The A NO,-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 boundary, where electron precipitation can be detected with
NO, measurements of MIPAS in 2007-2011. The sensitivity maximizes at 48 km at
0.20/0.41 ppb for epoch type 1/2, respectively, while the production rate maximizes at
50km at 0.015/0.029 ppb (Apd)~". The difference in altitude can be explained by the
different NO,-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
NO,-lifetime is lower than one day making it impossible to detect it by analyzing daily
means. Nevertheless, it should be considered that the NO, /NO,-ratio decreases with
altitude at night. Additionally, the efficiency of NO, production due to ionization, which is
mainly influenced 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 decrease of the production rate from 50 km to 52 km. The fits of epoch type
2 are shown in Fig. 8 at 54/50/46 km altitude (top/middle/bottom, respectively).

4 Conclusions

We showed the significant influence of solar variabilities on nighttime NO, and conse-
quently on NO, in the lower mesosphere and upper stratosphere during solar minimum.
The 27 day period is clearly visible in A NO, generated by short-time variabilities in so-
lar UV radiation and electron precipitation. We have distinguished the geomagnetic
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influence from that of UV radiation 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 electron precipitation is a source of NO,-production in
the lower mesosphere and upper stratosphere.

The MIPAS nighttime NO, signal shows a delay of one day to the Ap index. Likewise,
other studies have shown a delay of one day of the auroral NO production compared
to auroral activity between 100km and 160 km (Solomon et al., 1999; Marsh et al.,
2004). Newnham et al. (2011) see a 1—2day 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 NO, observations in the lower mesosphere and upper stratosphere are
consistent with previous NO observations in the upper mesosphere and lower thermo-
sphere but being of considerably lower magnitude.

The correlation coefficient r between the SEAs of A Ap and A NO, is greater than 0.4
between 44 km and 52 km altitude. Andersson et al. (2012) showed that the correlation
coefficients 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 NO, 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)~" at 50 km altitude. Above, the decrease of the signal with altitude
could be explained by a decrease of the nighttime NO,/NO,-ratio, with the efficiency
of NO,-production, and mainly with the altitude-dependent NO, -lifetime.

This is the first study showing the independent influence of electron precipitation
on NO,, and on trace gases in general, at altitudes between 46 km and 52 km in the
spring/summer/autumn hemisphere to our knowledge. Further studies are necessary
to investigate the possible impact on ozone and examine the NO,-production rates
during solar maximum.
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Fig. 1. Top: Daily means of nighttime NO, VMR in ppb at 65 + 5° N geomagnetic latitude and
50 km altitude in 2007—2011. The red curve shows the 27 day running mean of the curve for
the days listed in Table 1. Middle: Daily means of the Ap index in 2007—2011. The red curve
shows the 27 day running mean of the curve shifted by 3.5 for the days listed in Table 1 defining
the threshold of an A Ap-event. Bottom: Solar Lyman a in 2007—2011. The red curve shows the
27 day running mean of the curve shifted by 0.05 photonscm‘2 s~ for the days listed in Table 1
defining the threshold of an A Lyman a-event.

32344

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

ACPD
13, 32327-32351, 2013

Local impact of solar
variation on
mesospheric NO,

F. Friederich et al.

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Il

Interactive Discussion



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/32327/2013/acpd-13-32327-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/32327/2013/acpd-13-32327-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

type 1 type 2 type 3 type 4 =
0.4 2 ACPD
_ | @,
2 S 13,32327-32351, 2013
S 02 -
= | QO
c 1l | | o
2 00 \ D Local impact of solar
o . variation on
2 02 . mesospheric NO,
§ F. Friederich et al.
10 8
S
% 5 %? Title Page
()
;
;
@]
o o
2 005 - IR
° V)
£ o0 : K I
2 o0 .
3
3 010 o IR
-30-20-10 0 1020 -20-100 1020 -20-100 1020 -20-100 102030 2
days days days days 8 Printer-friendly Version
©
=}
Fig. 2. SEAs of 103/34/96/21 (epoch type 1/2/3/4, respectively) different events in 2007-2011at
50 km altitude and 65 +5° N geomagnetic latitude. The columns define the epoch type number, %

the rows show A NO,, A Ap, and A Ly a.The blue error bars show the 1o range.
32345


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/32327/2013/acpd-13-32327-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/32327/2013/acpd-13-32327-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

altitude [km] altitude [km] altitude [km]

Fig. 3. Correlation coefficient r of the SEA with respect to A Ap (epoch type 2) between A Ap
and A NO,, plotted over geomagnetic latitudes with 0/1/2 days delay (top/middle/bottom, re-

spectively).

60
55

50

45

40¢,

60
55
50
45

40F,
60

55

50
45¢
40t

40 20 0 20 40 60
geom. latitude [deg N]

32346

0.7
0.6
0.5
0.4
0.3
0.3
0.4
0.5
0.6
-0.7

Jadedq uoissnosiq | Jededq uoissnosiq | Jadedq uoissnosig | Jeded uoissnosiq

ACPD
13, 32327-32351, 2013

Local impact of solar
variation on
mesospheric NO,

F. Friederich et al.

Title Page

L

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/32327/2013/acpd-13-32327-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/32327/2013/acpd-13-32327-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

altitude [km]

Fig. 4. Correlation coefficient r of the SEA with respect to A Ap (epoch type 2) between A Ap

6) BN o))
o0 O

BN
o O

(o))
o

x
=

<

o @&
\'/

-40

AN
20 0 20 40 60
geogr. latitude [deg N]

and A NO, with a delay of one day, plotted over geographic latitudes.

32347

Soobbooooo
NOORRWW,A,OION

Jladeq uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

ACPD
13, 32327-32351, 2013

Local impact of solar
variation on
mesospheric NO,

F. Friederich et al.

Title Page

L

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/32327/2013/acpd-13-32327-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/32327/2013/acpd-13-32327-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
13, 32327-32351, 2013

Jaded uoissnosiq

Local impact of solar
variation on
mesospheric NO,

T T y O
.g. ‘ 2 F. Friederich et al.
% . Title Page
©
()
£ ;
- —
S
<> O -
40 20 0 20 40 60
. ©
geom. latitude [deg N] - IR N
QO
©
Fig. 5. Altitude- and geomagnetic latitude-dependent precision p of the quadrant correlation of & _ _
ALy a and ANO,. The sign indicates whether the correlation is positive or negative. -
(7]
2
8_ Printer-friendly Version
©
=}
;
g

32348


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/32327/2013/acpd-13-32327-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/32327/2013/acpd-13-32327-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
13, 32327-32351, 2013

Jaded uoissnosiq

Local impact of solar
variation on
mesospheric NO,

9
§ F. Friederich et al.
— (7]
= @,
X, 3
8 ;80 Title Page
(0]
S .
= )
7]
40 20 0 20 40 60 5
- - I
geogr. latitude [deg N] T
Fig. 6. S Fig. 5 but with hic latitud 8
1g. 6. same as rig. ut with geograpnic latituaes.
8_ Printer-friendly Version
()
:
E

32349


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/32327/2013/acpd-13-32327-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/32327/2013/acpd-13-32327-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

60

(6]
(6)]

altitude [km]
(&)
o

N
(6)]

40 I

0.0 05 000 003 2 6 10 14
sensitivity [ppb] pr [ppb/(d*Ap)] lifetime [d]

Fig. 7. Left: Altitude dependent sensintivity of ANO, on the conditions of epoch type 1/2/3
shown in black/blue/red, respectively. Middle: Altitude-dependent production rate pr or epoch
type 1/2 shown in black/blue, respectively. Right: Altitude-dependent A NO,-lifetime at night.
All quantities were determined at 65 +5° N geomagnetic latitude. The error bars show the 10
range. The shadowed area marks the altitudes, where the determination of the lifetime is not
reliable.
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