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This paper uses mesospheric NO observations taken by the SCIAMACHY instrument between 2002 and
2012 to build an non-linear empirical model of NO number densities as function of time and geomagnetic
latitude, driven by the AE index as proxy for energetic particle precipitation and the Ly-a index as proxy for
the EUV and XEUV influences.

The presented empirical model is very useful for constraining or validating atmospheric models and comple-
ments other empirical models of NO that focus either on the lower thermosphere or on the stratosphere/lower
mesosphere.

The paper is generally well written and the methodology is presented in a clear manner. However, the
discussion of the obtained responses could be improved by consideration of the limitations of the empirical
model. For instance, modeled responses are interpreted as NO production rates (e.g., the AE response)
which is an oversimplification since important physical mechanisms are not represented by the model (e.qg.,
transport). Similarly, many of the discussed hemispheric asymmetries are most likely related to the use of
geomagnetic coordinates (see specific comments below). This should be addressed before publication in
ACP.

We address the issues raised in our replies to the specific comments below.
Specific comments:

p2 14: This is misleading: SSWs cause reduced mesospheric descent (or even an upwards motion), not
enhanced descent. You are referring to the strong downwelling that often occurs in the recovery phase of
the SSW, typically associated with the formation of an elevated stratopause.

We thank the reviewer for the pointer and changed the sentence accordingly:

“Additional dynamical processes also result in a strong downward transport of mesospheric air into the upper
stratosphere, such as the strong downwelling that often occurs in the recovery phase of a Sudden Strato-
spheric Warming (SSW) (Orsolini et al., 2017; Pérot et al., 2014). This downwelling is typically associated
with the formation of an elevated stratopause.”



p2 19: MIPAS upper atmosphere observations were carried out in the 40 - 170 km range, see Bermejo-
Pantaleodn et al, 2011 (doi:10.1029/2011JA016752).

Indeed, Bermejo-Pantaledn et al., 2011 states an altitude range of 42—172 km for the MIPAS UA observa-
tions. We changed the numbers in the text and added (Bermejo-Pantaledn et al., 2011) to the citations.

p2 119: | wouldn’t say the most CCMs parametrize NO. Rather, some models (those that are not resolving
the thermosphere) constrain NO at the models upper lid by observation-based parameterizations.

We agree with the reviewer and to clarify, we changed the sentence in question to read:

“...some models constrain the NO content at their top layer by observation-based parameterizations.”

We also added a reference to (Funke et al., 2016) after “...Envisat/MIPAS NO measurements” in the next
sentence since this parameterization is suggested in (Matthes et al., 2017).

p3 I5: Is there any atmospheric model study that illustrates the effectiveness of NOx photo-excitation as
NO loss process? | would expect that N20 formation via metastable N2(A) +O2 as discussed in Funke et
al. 2007 and Sheese et al., 2016 is likely a more relevant source for upper atmospheric N20.

We agree with the reviewer that a thorough study has yet to be carried out. To explain the possible connec-
tion between N,O and our study, we have changed and extended the discussion after reaction (R5) to:
“N,O has been retrieved in the mesosphere and thermosphere from MIPAS (see, e.g. Funke et al. (2008b),
Funke et al. (2008a)) and from Scisat-1/ACE-FTS (Sheese et al., 2016). Model-measurement studies
by Semeniuk et al. (2008) attributed the source of this N,O to being most likely the reaction between NO,
and N atoms produced by particle precipitation:

N+ NO, = N,O+O. (R6)

We note that photo-excitation and photolysis at 185 nm (vacuum UV) of NO or NO, mixtures in nitrogen,
N,, or helium mixtures at 1 atm leads to N,O formation (Maric and Burrows, 1992). Both mechanisms
explaining the production of N,O involve excited states of NO. Hence these pathways contribute to the
loss of NO and potentially an additional daytime source of N,O in the upper atmosphere. N,O acts as an
intermediate reservoir at high altitudes ...”

p3 111-12: “NO is produced in dark conditions by particle precipitation at auroral latitudes, but is then de-
pleted only by reacting with atomic nitrogen”. | don’t understand this sentence. NO is produced by particle
precipitation at any illumination condition. NO loss is mostly occurring at sunlit conditions (photolysis of NO
and subsequent reaction R5).

We agree that in the way it is expressed, it is indeed misleading. We reordered this sentence to read:

“NO is produced by particle precipitation at auroral latitudes, but in dark conditions (without photolysis) it is
depleted only by reacting with atomic nitrogen (reaction (R5)).”

p3 122: The semi-empirical model of Funke et al. does not only cover the stratosphere but also a significant
part of the mesosphere.
We added: “and mesosphere” after “stratosphere” to that sentence.

p4 122: “We use two proxies to model the NO number densities, one accounting for the long-term eleven-
year solar cycle and one accounting for the short term geomagnetic activity.” Isn’'t one of these proxies
related to solar irradiance variations and the other one related to energetic particle precipitation? Both of
them exhibit short- and longterm variability. . .



Our expression was indeed misleading and did not convey the meaning we intended (which is more accu-
rately described by the reviewer’s words). Thus, we changed the beginning of the paragraph to read:

“We use two proxies to model the NO number densities, one accounting for the solar irradiance variations
and one accounting for the geomagnetic activity. Various proxies have been used or proposed to account
for the solar irradiance induced variations in mesospheric—thermospheric NO, which are in particular related
to the eleven-year solar cycle.”

p5 11: “gquestioned” seems too strong to me. Hendrickxs et al. simply noticed “that the auroral electrojet
index is a more suitable proxy”.

We rephrased the sentence to read:

“However, Hendrickx et al. (2015) found that the auroral electrojet index (AE) (Davis and Sugiura, 1966)
correlated better with SOFIE-derived NO concentrations (Hendrickx et al., 2015, 2017) (see also Sinnhuber
etal., 2016).”

We further changed “matter of debate” to “matter of opinion” at the beginning of the paragraph in question.

p5 I11: The choice of geomagnetic latitude as coordinate deserves some further discussion: Although
production by EPP is linked to geomagnetic latitudes, mesospheric NO distributions are mostly ruled by
illumination and (to some extend) by dynamics, both resulting in NO distributions organized in geographic
latitudes.

Geomagnetic latitudes were used by (Marsh et al., 2004), (Sinnhuber et al., 2016), and (Kiviranta et al.,
2018), because particle-induced NO production is related to geomagnetic latitudes. We added the following
note to Sect. 2.1:

“Note that mesospheric NO concentrations are related to geomagnetically as well as geographically based
processes, but disentangling them is beyond the scope of the paper. Follow-up studies can build on the
method presented here and study, for example, longitudinally resolved timeseries.”

We then added a reference in the mentioned place.

“... function of the (geomagnetic, see Sect. 2.1) latitude ¢, ...

p5 EQ3: What is the rationale behind omitting the harmonic term in the non-linear model? By doing so,
seasonal variations not related to EPP remain unconsidered. Or, in other words, the model is forced to
attribute any seasonal variation to EPP. In the same line, shouldn’t a life-time correction be considered also
for the Ly-a part?

When there is strong UV-induced NO production, itis naturally depleted by photolysis (R3) or photoionization
(R4) at the same time. The lifetime is therefore expected to be < 1 day. We tested a finite lifetime for the
Lyman-« part, but found that this only increases the number of parameters without improving the fit quality.

We found that we could achieve similar or better fits to the data already without the harmonic terms in the
non-linear model. We added the following text after Eq. (3):

“Although this approach shifts all seasonal variations to the AE index and thus attributes them to particle-
induced effects, we found that the residual traces of particle-unrelated seasonal effects were minor com-
pared to the overall improvement of the fit. Additional harmonic terms increase only the number of free
parameters without substantially improving the fit further.”

p6 17: “accounts for the different lifetime at polar night compared to polar day. “ This could be phrased in a
more general way, i.e., “. . .during winter and summer”.
We agree with the reviewer and changed the sentence to end in the suggested way.



p10 12: The vertical shape of the Ly-a response is intriguing: Why is this response peaking at 70-75 km
while NO production due to XEUV should increase with altitude?

The Lyman-« index predominantly describes the 11-year solar cycle. At middle and low latitudes, the time-
series themselves show a pronounced solar cycle variation at this altitude range, and they get “flatter” above
75 km until the solar cycle is visible again at around 88 and 90 km. We added the following note after that
sentence:

“The penetration of Lyman-« radiation decreases with decreasing altitude as a result of scattering and ab-
sorption by air molecules. On the other hand the concentration of air decreases with altitude. At this stage
we have not an unambiguous explanation of this behaviour, but it may be related to reaction pathways as
laid out by (Pendleton et al., 1983) which would relate the NO concentrations to the CO, and H,O (or OH,
respectively) profiles.”

On a related issue we discovered that the stated N, dissociation energy is wrong. We therefore changed
the statement below (R2) to:

“The dissociation energy of N, into ground state atoms N(*S) is about 9.8 eV (A & 127 nm) (Frost et al.,
1956; Heays et al., 2017; Hendrie, 1954). This energy together with the excitation energy to N(ZD) is de-
noted by hv in (R1) and can be provided by a number of sources, most notably by auroral or photoelectrons
as well as by soft solar X-rays.”

And we added “(\ < 102 nm)” to reaction (R1).

pl1l 14: The larger amplitude of the NH annual lifetime variation is likely a result of the use of the geomag-
netic latitude grid (this variation is smeared out in the SH due to the geomagnetic pole offset).

We agree with the reviewer and added the following statement:

“This difference could be linked to the geomagnetic latitudes which include a wider range of geographic lat-
itudes in the Southern Hemisphere compared to the Northern Hemisphere. Therefore, the annual variation
is less apparent in the Southern Hemisphere.”

pl2, 14-11: Similarly, the smaller SH AE coefficients (and shorter lifetimes) are likely related to the choice
of a geomagnetic grid.

This is discussed at the end of that paragraph and we added another possible explanation:

“A third possibility may be the exclusion of the Southern Atlantic Anomaly from the retrieval (Bender et al.,
2013, 2017) where presumably the particle-induced impact on NO is largest.”

pl312: The AE coefficients do not represent a NO production rate, they simply represent the NO response
to AE perturbations. Note that transport and mixing processes are not considered by the empirical model,
the latter being most likely responsible for the increased polar AE response around 70 km due to accumu-
lation effects during the winter.

It is true that the AE coefficients are not production rates, we added the following statement to explain the
conversion better:

“The AE coefficient can be considered as an effective production rate modulated by all short-time (<<
1 day) processes. To roughly estimate this production rate, we divided the coefficient of the (daily) AE
by 86400 s which follows the approach in (Sinnhuber et al., 2016). We find a maximum production rate of
about 1 cm—3 nT~! s~ around 70-72 km.”

We also changed the Figs. 3, 5, and 6 to show the original coefficients instead of the converted “production
rates”. We already include an accumulation effect by our finite lifetime approach, see Eq. (4).

pl14 18: Note that the annually varying finite lifetime is only considered for the EPP-related part of NO.



We changed the sentence to end:
“... using an annually varying finite lifetime for the particle-induced NO.”
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