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Abstract

We compare the nitric oxide measurements in the mesosphere and lower thermo-
sphere (60 to 150 km) from four instruments: ACE-FTS, MIPAS, SCIAMACHY, and
SMR. We use the daily zonal mean data in that altitude range for the years 2004—2010
(ACE-FTS), 2005-2012 (MIPAS), 2008-2012 (SCIAMACHY), and 2003-2012 (SMR).

We first compare the data qualitatively with respect to the morphology, focussing on
the major features, and then compare the time series directly and quantitatively. In three
geographical regions, we compare the vertical density profiles on coincident measure-
ment days. Since none of the instruments delivers continuous daily measurements in
this altitude region, we carried out a multi-linear regression analysis. This regression
analysis considers annual and semi-annual variability in form of harmonic terms and
inter-annual variability by responding linearly to the solar Lyman-a radiation index and
the geomagnetic Kp index. This analysis helps to find similarities and differences in the
individual data sets with respect to the inter-annual variations caused by geomagnetic
and solar variability.

We find that the data sets are consistent and that they only disagree on minor as-
pects. SMR and ACE-FTS deliver the longest time series in the mesosphere and they
both agree remarkably well. The shorter time series from MIPAS and SCIAMACHY
also agree with them where they overlap. The data agree within ten to twenty percent
when the number densities are large, but they can differ by 50 to 100 % in some cases.

1 Introduction

Climate models aim to predict the trend of Earth’s climate considering the composition
of the atmosphere. This composition is influenced by a number of factors, including
anthropogenic emissions and solar variability. To disentangle these effects, the evalu-
ation of the solar influence is important. Solar particles and soft solar X-rays produce
nitric oxide (NO) in the mesosphere and lower thermosphere (MLT, 50—150 km) (Barth
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et al., 2003). Thus, the NO content in this atmospheric region indicates how much solar
activity impacts the atmospheric composition and how important solar variability is in
climate models.

To relate atmospheric composition changes to solar activity, global NO measure-
ments over long time periods deliver important information. This data is provided by
satellite instruments using different measurement methods. The consistency of these
measurements is crucial for using the results for further work, for example to validate
climate models and to find climate relevant forcing parameters. We compare the daily
zonal mean NO number densities from four space-borne instruments: the Michelson
Interferometer for Passive Atmospheric Sounding (MIPAS, infrared limb emission) and
the SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIA-
MACHY, UV-vis-NIR limb and nadir emission) on Envisat, the Sub-Millimetre Radiome-
ter (SMR, sub-mm limb emission) on the Odin satellite, and the Atmospheric Chemistry
Experiment-Fourier Transform Spectrometer (ACE-FTS, infrared solar occultation) on
SCISAT. The aim of this comparison is to answer the question whether zonal mean
data sets from different instruments consistently constrain the nitric oxide in the MLT.

The instruments are introduced in Sect. 2. In a first comparison step, we compare
zonal daily mean distributions in an altitude range from 75 to 115km (Sect. 3). In that
section we analyse the time—latitude morphology of the NO number densities at dif-
ferent times of solar activity, from low (2008/09) to moderate (2010/11). In Sect. 4 we
directly compare the time series of NO number densities at selected geographic lo-
cations. This more quantitative comparison emphasizes differences which cannot be
detected in the morphological comparison. We further compare daily mean vertical pro-
files in order to detect differences that may result from the different retrieval strategies
(Sect. 5). In Sect. 6, we extend the comparison towards derived diagnostic quantities
of particular scientific interest, for example regression coefficients for the contribution
of Lyman-a and the geomagnetic Kp index. In the Conclusions (Sect. 7) we evaluate
the consistency of the analysed data sets.
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2 Instruments
2.1 Envisat/MIPAS

Two of the instruments considered here, MIPAS and SCIAMACHY, are on board the
now defunct European research satellite Envisat. This satellite has been orbiting on
a sun-synchronous orbit at 800 km and at equator crossing times 10:00/22:00 since
2002. Communication to the satellite was lost in April 2012, which is therefore the
latest date for which MIPAS and SCIAMACHY data are available.

The Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) is an in-
frared Fourier transform spectrometer. It has a spectral range from 4.15 to 14.6 um
(685-2410 cm™ ), and the spectral resolution was 0.0625cm™ " during the relevant time
period. The instrument has an instantaneous field of view of 3km in the vertical and
30 km in the horizontal direction.

MIPAS measured atmospheric emissions in a limb observation geometry (Fischer
et al. 2008). The instrument provided two special observation modes dedicated
to the middle atmosphere (MA, 18-102km) and upper atmosphere (UA, 42—
172 km) (Raspollini et al., 2013). After a test phase of twelve measurement days from
January 2005 to October 2007, about one day every three months, the measurements
using these modes were scheduled regularly on two days every 10days of nominal
mode measurements (7—72 km) since November 2007. In this study, we use only the
day side half-orbit (downleg, am) MIPAS-UA measurements, which amount to 199 mea-
surement days with about 500 scans per day from 21 January 2005 until 30 March
2012.

The NO data used here were produced using the MIPAS data processor developed
at the Institute of Meteorology and Climate Research (IMK) in cooperation with the
Instituto de Astrofisica de Andalucia (IAA) (von Clarmann et al., 2003). The retrieval
is based on constrained multi-parameter non-linear least squares fitting of observed to
calculated radiance spectra. The retrieval processor was extended to apply to non-local
thermodynamic equilibrium (Non-LTE) emissions (Funke et al., 2001), which is partic-
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ularly important for NO retrievals. The vibrational, rotational, and spin level populations
under Non-LTE were modelled by the Generic RAdiative traNsfer AnD non-LTE popu-
lation Algorithm (GRANADA) (Funke et al., 2012) during each iteration of the retrieval.

NO in the altitude region of interest (70-120 km) is derived from the fundamental
NO band emission at 5.3 um. The retrieval of NO in the middle atmosphere (up to
~ 100 km) is described in detail in Funke et al. (2005). The NO data used here (Ver-
sions V5r_NO_520 (MA) and V5r_NO_620 (UA)) were measured from January 2005
to April 2012, when MIPAS used a slightly degraded spectral resolution. The data ver-
sion described in Funke et al. (2005) has been substantially improved as summarised
in Funke et al. (2014), and the present version includes these improvements.

The single profile vertical resolution of NO in the 70-100 km region is 15-20km
and the single profile precision ranges from ~50% at 70km to ~ 30% at 100km. In
general, MIPAS has low sensitivity to NO outside of the polar winter region (latitudes
greater than 50°) at altitudes of 70-90 km. Systematic errors in the NO VMR in this
region amount to around 10 %.

The retrieval of NO in the upper atmosphere (100-170km) is described in detail
in Bermejo-Pantaledn et al. (2011). Temperature and nitric oxide mixing ratio profiles
are retrieved jointly in this region. The typical single measurement precision of NO in
this region is 10—30 % for high geomagnetic activity, increasing to 20-50 % for low ge-
omagnetic activity. The vertical resolution is 5-10 km for high geomagnetic activity and
degrades to 10-20 km for low geomagnetic activity. For extra-polar and low geomag-
netic activity, a potential systematic bias in the nighttime NO version V40O_NO_611 pro-
files was identified (Bermejo-Pantaledn et al., 2011). This bias is caused by smoothing
errors and was corrected in the current version V5r_NO_620 by using an appropriate
a priori NO profile for nighttime conditions. The retrieved NO abundances in the ther-
mosphere depend strongly on the assumed atomic oxygen above 120 km, which was
taken from the NRL-MSISE-00 model. Other systematic errors as the uncertainties
in the atomic nitrogen and the propensity for spin-conserving collisions, which largely
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control thermospheric spin non-LTE distributions, lead to minor systematic errors of
5-10 %.

2.2 Envisat/SCIAMACHY

SCIAMACHY (Burrows et al., 1995; Bovensmann et al., 1999) is the other instrument
on Envisat. It is a limb-sounding UV-vis-NIR spectrometer with eight channels from 230
to 2300 nm and a spectral resolution from 0.22 to 1.48 nm. From July 2008 until the end
of Envisat in April 2012, it comprised a special mesosphere—lower thermosphere mode
(MLT, 50-150 km) which was scheduled for one day every two weeks.

Nitric oxide is retrieved by observing the NO gamma bands with SCIAMACHY’s UV
channel 1 (230—-314 nm) (Bender et al., 2013). The limb scans from the MLT mode
delivered the NO number densities with a vertical resolution of 5-10km at altitudes
from 70 to 150 km. The average horizontal distance between the individual limb scans
was about seven degrees. The tomographic orbit retrieval was carried out from 60 to
160 km and from 90° S to 90° N on a fixed 2km x 2.5° altitude—latitude grid.

The SCIAMACHY retrieval derives NO number densities. Here we use the NO data
version 2.0 and overall, SCIAMACHY contributes the day time data from 78 MLT mea-
surement days from 26 July 2008 until 30 March 2012 with about 450 scans per day.

2.3 SCISAT/ACE-FTS

ACE-FTS is a Fourier transform spectrometer on board the Canadian Atmospheric
Chemistry Experiment (ACE) satellite (Bernath et al., 2005). It covers a spectral range
from 2.2 to 13.3um (750 to 4400 cm‘1) with a spectral resolution of 0.02 cm™'. The
satellite orbits at 650 km at an inclination of 74°. The instrument uses solar occulta-
tions to scan the atmosphere at sunrise and sunset each orbit, restricting the mea-
surements to a particular latitude range per day. It is, however, one of the longest
running experiments and contributes 1941 measurement days from 10 January 2004
until 30 September 2010 to this comparison. The ACE-FTS measurements are made
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every 2 s which corresponds to a vertical spacing of 2—6 km (depending on beta angle).
The vertical resolution of ACE-FTS is about 3 km based on the instrument field-of-view
of 1.25 mrad.

ACE-FTS retrievals of NO use 36 microwindows between 5.18 and 5.43 um, 19 of
which are focused on the higher altitude ranges. The non-linear least squares fitting
scheme used for ACE-FTS is described in Boone et al. (2005). Here we use version
3.0 of the retrievals which extend from about 6 to 107 km (Boone et al., 2013). The
previous version of the ACE-FTS NO product (version 2.2+updates) has been com-
pared with HALOE profiles where differences of up to +10% are found between 93
and 105km (Kerzenmacher et al., 2008). Compared to version 2.2+updates, version
3.0 NO profiles are lower by about 2 % above 40 km (Waymark et al., 2013). The ACE-
FTS profiles are provided in two formats: on the measurement tangent grid and inter-
polated onto a uniform 1 km grid (using piecewise quadratic technique). In this study,
we use the sunrise data on the uniform 1 km grid.

2.4 0Odin/SMR

Odin is a Swedish-led satellite, in cooperation with the Canadian, French and Finnish
space agencies (Murtagh et al., 2002; Nordh et al., 2003). It was launched in Febru-
ary 2001 and became a European Space Agency (ESA) third-party mission in 2007.
This satellite is orbiting the Earth on a sun-synchronous orbit, at an initial altitude of
580 km and varying equator crossing times between 6 and 7a.m. and p.m. (LT). These
parameters are slightly changing with time due to the drifting orbit. Odin was initially
a joint astronomy and aeronomy mission and before 2007, the observation time was
equally divided between the two disciplines. The satellite is now entirely dedicated to
atmospheric measurements.

The Sub-Millimetre Radiometer (SMR) is one of the instruments on board this satel-
lite. It is a limb emission sounder measuring globally a variety of trace gases and the
temperature in the whole middle atmosphere. SMR uses four sub-millimetre channels
(486.1-503.9 GHz, 541.0-558.0 GHz, 547.0-564.0 GHz, 563.0-581.4 GHz) and one
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millimetre wave channel (118.25-119.25 GHz) (Merino et al., 2002). The observation
of different species requires channel switching. Nitric oxide is retrieved from the ob-
servation of thermal emission lines in a band centred around 551.7 GHz (Urban et al.,
2007; Sheese et al., 2013). In the case of SMR, log(VMR) is retrieved, see Sheese
et al. (2013) for resolution, uncertainties and more details. Pérot et al. (2014) also de-
scribes the characteristics of the SMR NO measurements. We use the data version 2.1
in this study and SMR contributes NO observations on 301 days from 7 October 2003
to 25 December 2012, with about 600 scans per day.

2.5 Data preparation

The individual measurements of nitric oxide (NO) from each instrument were averaged
to daily zonal mean values binned into 5° latitude bins. In the vertical direction, no
additional interpolation was done for the MIPAS and SCIAMACHY data and the fixed
retrieval altitude grids were used. The SMR data were retrieved on the tangent altitude
grid, profile-by-profile, interpolated onto a fine altitude grid, followed by averaging in
5° latitude bins on each level. As mentioned in Sect. 2.3, the ACE-FTS data on the
interpolated 1 km grid were used in this study.

To prepare this data, volume mixing ratios had to be converted to number densi-
ties. The ACE-FTS VMR were converted to number density using the density from the
simultaneously retrieved temperatures (Boone et al., 2005). The MIPAS data, which
were retrieved as log(VMR), were also converted using the simultaneously retrieved
temperatures (Funke et al., 2005; Bermejo-Pantaleén et al., 2011). The SMR data
were also retrieved as log(VMR) using ECMWF analyses and CIRA temperature fields
above 70 km (Barnett and Corney, 1985). The mixing ratios were converted to number
densities using the same temperatures. Note that we only use the day time (a.m.) data
versions from MIPAS and SMR and the sunrise data from ACE-FTS in this study.

The averaged data were additionally filtered by the sensitivity of the instruments.
The ACE-FTS measurements have been filtered based on the Data Issues List (https:
//databace.scisat.ca/validation/data_issues.php) to remove profiles marked as “do not
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use”. The MIPAS and SCIAMACHY data are filtered based on the average diagonal
element of the averaging kernel matrix. The thresholds are 0.003 for MIPAS and 0.01
for SCIAMACHY. The SMR data are filtered using the measurement response which is
the sum of the rows of the averaging kernel matrix. All zonal mean boxes with a mean
measurement response below 0.75 were not considered.

3 Zonal mean data

Figures 1 and 2 show the zonal mean data at altitudes of 85 and 105 km from all instru-
ments: ACE-FTS, MIPAS, SCIAMACHY, and SMR. The zonal mean data at additional
altitudes from 75 to 115 km are shown in Figs. A1 to A5.

These figures give an overview of the available data set. ACE-FTS, as a solar oc-
cultation instrument, has only limited geographical coverage. MIPAS and SMR have
limited sensitivity at altitudes below 85 km, in particular at middle and low latitudes. Ad-
ditionally, MIPAS data from 75 to 100 km is at present only available since July 2008.
The SCIAMACHY data are restricted to daytime measurements which adversely af-
fects the number of measurements, in particular at high latitudes in the polar winter.
SMR data are relatively sparse before 2007 when the Odin astronomy mission ended
and more measurement days were dedicated to NO observations since then.

The zonal mean data of all four instruments are consistent with respect to the an-
nual variation of the NO density in the MLT region. Throughout the latitude range, the
number densities are low at times of low solar activity, 2008 and 2009, and increase
with growing solar activity, 2010 and 2011. The NO density increases most in the polar
regions and at higher altitudes. Between 95 and 115 km, the density increases also at
lower latitudes, in particular after 2011.
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4 Time series

To put the comparisons from Sect. 3 onto more quantitative grounds, we directly com-
pare the NO density time series in four different 5° latitude bins and at altitudes from
75 to 115km. These bins are located at high northern (67.5° N) and high southern
latitudes (67.5° S), at middle latitudes (32.5°S), and at low latitudes (2.5° N) near the
equator.

4.1 Northern Hemisphere

We first compare the values in the Northern Hemisphere at 67.5° N. Figure 3 shows
the time series at two example altitudes, 85 km (upper mesosphere) and 105 km (lower
thermosphere). Figure B1 shows the time series at more altitudes from 75 to 115 km.

The results are consistent throughout the altitude range, the largest values are ob-
served between 95 and 105km and smaller values below and above these altitudes.
Only SMR and ACE-FTS provide data below 100 km for the years 2004 to 2008. Above
100 km, MIPAS contributes some data points from 2005 onwards, and SCIAMACHY
data are available only from mid-2008.

ACE-FTS, SMR, and MIPAS show that the NO number density is correlated with so-
lar activity. From 2004 to 2007, a period of moderate solar activity, the number densities
were generally larger than in 2008/09, when solar activity was low. The NO density in-
creases then again after 2009 with the onset of the next solar cycle. This correlation is
visible at all altitudes and it is particularly strong in the main production region from 95
to 105 km. Unfortunately, the SCIAMACHY data set is too short to show the same cor-
relation. The SCIAMACHY number densities are always on the low side compared to
the other instruments. This is less pronounced at 75 km but is clearly visible at altitudes
of 85 km and above.

In addition to the overall correlation of the NO densities with the long-term solar
activity, the seasonal cycle is clearly visible in the data from all instruments. This annual
variation is more pronounced at 85 km, but it is also visible at 105 km.
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4.2 Southern Hemisphere

Figure 4 shows the NO number density at 67.5° S at 85 and 105 km. The time series
comparison at more altitudes from 75 to 115 km is shown in Fig. B2. The values agree
at the same level as in the Northern Hemisphere and the density responds similarly to
solar activity.

The annual cycle is also visible in all data sets, as it is in the Northern Hemisphere.
Again, this cycle is more pronounced at 85 km, but is also visible at 105 km. The SCIA-
MACHY data above 95km is low compared to the other three instruments, but is still
within the error range.

4.3 Middle and low latitudes

Figure 5 shows the comparisons at middle latitudes (32.5° S) at 85 and 105km. The
data at all altitudes are shown in Fig. B3. Similarly, the data at 2.5° N are compared in
Fig. 6 (85 and 105 km) and in the same Appendix in Fig. B4 (all altitudes).

In general, the magnitude of the NO number density in these regions is smaller than
at higher latitudes by a factor of 5 to 10, in particular at polar winter, as also discussed
in Bermejo-Pantaledn et al. (2011). Above 95 km, the SCIAMACHY measurements are
low compared to the other instruments but they are well within the variations of the
data.

At altitudes above 95 km, the number densities follow the solar cycle activity. They
decline at the beginning and increase again at the end of the investigated period. A dis-
tinct annual cycle of the NO density is not clearly identifiable at these latitudes. This is
in contrast to the time series at higher latitudes and the result of different production
mechanisms depending on latitude. It is already known that at high latitudes and under
auroral conditions, the production of NO is larger than that at equatorial latitudes. The
differences between the polar summer and polar winter regions come from larger pho-
tochemical losses in the summer, leading to lower NO densities (Bermejo-Pantaledn
etal.,, 2011).
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The time series from all instruments are consistent in all regions we compared, in
particular considering the sometimes large error bars (equal to the 95 % confidence
interval of the daily zonal mean). Larger differences indicate short-term variations that
are measured by one instrument on a particular day when none of the other instruments
observed NO in the upper atmosphere.

5 Vertical profiles

We obtain the most direct comparison of the individual results by comparing the verti-
cal density profiles. Discrepancies in the profiles provide insight into the characteristic
strengths and weaknesses of the individual instruments and their NO retrieval. How-
ever, we focus here on daily zonal mean data and apart from SCIAMACHY and MIPAS
on the same satellite, the local solar times of the measurements differ substantially.
In addition, the different distributions of the individual measurement or tangent points
make comparing vertical profiles difficult.

To obtain reliable statistics about the profiles, we first calculate the difference pro-
file for each coincident 5° latitude bin of two instruments, that is on days when both
instruments provide data in the same bin. These differences are calculated on a com-
mon altitude grid, the data are interpolated if necessary. We then take the median of
all these difference profiles in three geographical regions, 90-50° S, 50° S-50° N, and
50-90° N.

5.1 SCIAMACHY

First we compare the SCIAMACHY data to the other instruments because it provides
the most regular data throughout the altitude and latitude range (see Figs. 1 and 2).
Figure 7 shows the median profile of the relative number density differences between
the SCIAMACHY measurements (nﬁg'AMACHY) and the other instruments (nﬁl‘ger), av-
eraged over days coincident with other observations. Shown are the results in the
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southern polar region (90-50° S), at middle and low latitudes outside the polar regions
(50° S-50° N), and in the northern polar region (50-90° N).

MIPAS and SCIAMACHY share the same satellite and therefore they performed the
most congruent measurements. In addition, their limb scans were scheduled to mea-
sure the mesosphere and lower thermosphere during the same orbits once a month.
Therefore, we get the best statistics from this pair of instruments.

SCIAMACHY has fewer coincident days with SMR than with MIPAS. We also have
to consider the different local times of the measurements, which are 10:00 for SCIA-
MACHY and between 06:00 and 07:00 for SMR (at the equator). This timing of the SMR
measurements makes them susceptible to the NO diurnal cycle and may lead to sys-
tematic differences in the measured number densities, in particular in the lower meso-
sphere. The coincidences with ACE-FTS amount to only about ten to twenty usable
profiles. Since ACE-FTS measures at sunrise and sunset primarily at higher latitudes,
the NO diurnal cycle also affects the retrieved number densities.

The patterns of the MIPAS to SCIAMACHY differences in Fig. 7 are similar in all three
regions. The magnitude of the difference varies slightly with the region, it is smallest at
middle and low latitudes and at high northern latitudes. Between 120 and 140 km, the
MIPAS and SCIAMACHY number densities agree well in all three regions, the SCIA-
MACHY NO densities differ only slightly from the MIPAS measured densities. In the
main production region from 100 to 120 km, SCIAMACHY significantly underestimates
the NO number densities compared to MIPAS measurements by about 50 % at high
southern latitudes and by about 40 % at middle and low latitudes and at high northern
latitudes. Between 70 and 95km in the northern polar region, the SCIAMACHY NO
number densities are larger than the measurements from ACE-FTS and MIPAS. The
SCIAMACHY data are consistent with the other instruments at these altitudes in the
southern polar region and at middle and low latitudes.

SCIAMACHY consistently measures lower number densities than SMR by 10 to
20 %. The data agree from 80 to 100 km in the northern polar region. At middle and
low latitudes, the SCIAMACHY and SMR densities agree at 95 and at 110 km.
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The SCIAMACHY data agree well with the ACE-FTS data in the Northern Hemi-
sphere. In the Southern Hemisphere, the SCIAMACHY measurements are smaller
than the ACE-FTS number densities between 90 and 105 km. Both number densities
are consistent below 90 km considering the statistical error. At middle and low latitudes
both instruments agree within the large error range.

5.2 Other instruments

Figure 8 shows the median of the relative differences comparing MIPAS data to the
other instruments. In all three regions, MIPAS measures the largest NO number densi-
ties between 100 and 120 km, between 80 and 120 % larger than measured by the
other instruments. As seen in the previous section, MIPAS and SCIAMACHY data
agree in all three latitude regions at altitudes between 120 and 140 km. In the northern
polar region and at middle and low latitudes, both results agree also between 80 and
95 km. In the southern polar region, the MIPAS measurements are about 50 to 100 %
larger than the SCIAMACHY measurements from 70 to 95 km.

Between 80 and 100 km in the southern polar region, the MIPAS and the ACE-FTS
data agree well. Below 80 and above 100 km in this region, the MIPAS number densities
are larger by 50 to 100 %. At middle and low latitudes MIPAS and ACE-FTS have
only a few coincident measurement days and even less comparable data points when
considering the instruments’ sensitivity. In the upper usable altitude region, between 95
and 105 km, MIPAS and ACE-FTS are consistent. In the lower altitude region from 65 to
70 km, MIPAS number densities are larger by 50 to 80 %. In the northern polar region,
the MIPAS number densities are also larger than the ACE-FTS measurements in the
same altitude region. They are smaller than the ACE-FTS number densities between
85 and 100 km.

Compared to SMR, the MIPAS NO number densities are significantly smaller in the
southern polar region from 80 to 100 km by about 40 to 50 %. In the northern polar
region from 80 to 100 km, the MIPAS number densities are about 30 to 50 % smaller
than the SMR data. Above and below, MIPAS and SMR agree within the statistical
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error. Both number densities agree well at middle and low latitudes between 90 and
100 km.

Figure 9 shows the median of the relative profile differences comparing the SMR
data to the other measurements. In all three regions, the SMR number densities are
consistently larger than the SCIAMACHY data above 100 km. We observe the largest
differences in the southern polar region, up to 80 %. However, both nhumber densities
agree in the northern polar region from 80 to 100 km. At middle and low latitudes, the
difference between SMR and SCIAMACHY vary between 10 and 40 %, reaching larger
but insignificant values between 85 and 90 km.

Compared to MIPAS, the SMR number densities are significantly smaller in all three
regions from 100 to 120 km by 20 to 50 %. From 85 to 100 km, the SMR number densi-
ties are consistently larger than the MIPAS data, in the southern polar region between
50 and 80 %, and in the northern polar region up to 120 % but with a large uncer-
tainty. At middle and low latitudes, both measurements are consistent between 90 and
105 km.

Compared to ACE-FTS, the SMR number densities are substantially larger at high
southern latitudes above 100 km, differing by 100 % at 105km. ACE-FTS and SMR
data agree well between 80 and 100 km. Below 80 km in that region, the SMR number
densities differ from the ACE-FTS results between 50 and 80 % but with a large statisti-
cal uncertainty. Both NO number densities are comparable at middle and low latitudes
over the whole altitude range considering the statistics. The differences in the northern
polar region behave similarly to the results at high southern latitudes, the maximum
deviation is 150 % at 105 km. Here, both data sets agree well between 90 and 100 km.
The SMR number densities are up to 60 % larger than the ACE-FTS data below 90 km
in that region.

Figure 10 shows the median of the relative profile differences of the ACE-FTS NO
number densities to the other instruments. It summarises the above discussion from
ACE-FTS’ point of view, showing the best agreement with MIPAS and SMR in the
southern polar region from 85 to 100 km, and with SCIAMACHY and SMR in the north-
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ern polar region from 80 to 100 km. The ACE-FTS number densities are substantially
larger than the SCIAMACHY measurements in the southern polar region between 90
and 105 km. They also differ significantly from the MIPAS data in the northern polar re-
gion between 85 and 100 km. At middle and low latitudes, the ACE-FTS measurements
are smaller than all other number densities from 70 to 100 km by 40 to 100 %.

6 Multi-linear regression analysis

The direct quantitative comparison of the NO data of the four instruments is difficult for
several reasons. Coincident measurements are sparse and the local times of the indi-
vidual measurements differ substantially between some of the instruments. The solar
UV radiation influences the NO density annually because of the different solar inclina-
tion, and inter-annually due to its varying intensity during the eleven-year solar cycle.
Then, the NO density can vary substantially from day to day depending on particle
precipitation rates, for example at times of high geomagnetic activity.

All instruments scanned the MLT region only on particular single days, for example
MIPAS every 10days and SCIAMACHY every 14days. In addition, the MIPAS and
SCIAMACHY data are only available for the later part of the time period. This makes
capturing all variations of NO in the upper atmosphere difficult. To overcome these
shortcomings, we carry out a multi-linear regression analysis of the zonal mean data.

We construct a simple transfer function for the NO number density nyg for our multi-
instrument intercomparison on non-coincident days. This function includes an offset,
annual and semi-annual harmonic terms, and accounts for the solar cycle activity pro-
portional to the UV Lyman-a flux. It also includes a term for daily NO variations caused
by geomagnetic activity using the Kp index.
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The NO number density nyg at altitude z, latitude ¢, and time ¢t is described by:

nmgdel(qb’z,t) = a(p,z) + b(¢,2)-Lya(t) + c(¢, z) - Kp(t)
2
+ D [d,(¢,2)cos(nwt) + e,(¢, 2)sin(net)] . M

n=1

In the regression model Eq. (1) a is the constant offset, d; and e are the annual,
and d, and e, are the semi-annual cycles with ® = 2m/(365.25d) and ¢ in days. This
approach accounts for both, amplitude and phase of the cycles. The coefficients b
and c refer to the solar Lyman-a flux (Lya) and the geomagnetic Kp index. We also
tested other parameter sets, e.g., the solar radio flux f10.7 for the solar cycle variations
and Ap as a geomagnetic proxy. We found that they did not improve the fit and that
the combination Lyman-a and Kp gave the best fits. The Kp index is taken from the
SPIDR database (NGDC and NOAA, 2011) and the Lyman-a index from the LISIRD
database (DelLand and Cebula, 2008; DeWolfe et al., 2010; LISIRD Data Systems
Group, 2010).

The time series of the measurements, the regression result fitting the data from
all instruments simultaneously, and the residuals are shown in Figs. 11 and 12 for
85 and 105km at 67.5°N. The same data at 67.5°S are shown in Figs. 13 and 14.
The regression results without the residuals at more altitudes (75 to 115km) and at
additional latitudes (32.5° S and 2.5° N) are shown in Figs. C1 to C4.

The solid line in these in the upper panels of these figures is the regression fit using
the composite data from all instruments simultaneously. The residuals in the lower pan-
els in these figures indicate that the model Eq. (1) captures most but not all variations
in the NO data. While at 105 km, the residuals are mostly randomly distributed with
some outliers, they show residual patterns at 85km. Most of the time, the residuals
vary around +1 x 10 cm™ at lower altitudes, where the number densities take values
between 0 and 6 x 108 cm™. At higher altitudes the residuals vary between -2 and
+2 x 10% cm™ with the number densities varying between 0 and 8 x 10%cm™2.
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Figure 15 shows the relative mean residuals (RMR) of the individual measurements
to the composite fit. The RMR are defined as
del
> (mRers(t) - mg™t))
/
anodel(t,)
~''No \H

!

RMR := : ()

where ni3* and nﬂgde' are the measured and modelled NO number densities. Here,

modelled data means applying the coefficients from the composite fit to the days #; of
the individual measurements. The marked boxes in Fig. 15 indicate 95 % significance
determined by the F test (Brook and Arnold, 1985; Neter et al., 1996). The ACE-FTS
number densities are larger than the composite by about 10 to 30 % where the fit
is significant. The same is true for the MIPAS data, except between 70 and 105km
at middle to high northern latitudes. There, the MIPAS number densities are smaller
by about the same amount. The SCIAMACHY number densities are smaller than the
composite fit by about 10 to 30 % above 90 km throughout the latitude range. They are
slightly larger below 90 km, and substantially so between 75 and 85km at 77.5° S. The
SMR number densities are larger than the composite fit by about 10 to 20 % almost
everywhere, except at the highest altitudes at middle and low latitudes.

We next analyse the coefficients of the individual regressions to compare the instru-
ments’ responses to the harmonic cycles and in particular to Lyman-a and Kp changes.
Figures 16 and 17 show the cosine coefficients d; and d, of the annual and semi-
annual cycle. Values with a larger than 95 % significance, calculated from ¢ statistics,
are marked with crosses. We find that these coefficients have about the same values
for all instruments. The MIPAS, SCIAMACHY, and SMR d, coefficients agree remark-
ably well. The SMR coefficients take high values below 80 km, but these values are not
significant. The ACE-FTS coefficients, however, differ substantially at latitudes larger
than 60°. The d, coefficients agree not as strongly, but they are also one order of mag-
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nitude smaller in general. The sine coefficients e; and e, are not shown, but they agree
on a similar level with a slightly smaller magnitude than their cosine counterparts.

Figures 18 and 19 show the coefficients b and ¢ of the Lyman-a UV index and the
Kp geomagnetic index. The latitude-altitude patterns of both coefficients are similar for
all instruments. The SMR and SCIAMACHY Lyman-a coefficients b are enhanced at
all latitudes in a band from 95 to 110 and 115km. This band of larger values is less
pronounced in the ACE-FTS and MIPAS data. The coefficients are also consistently
enhanced at polar latitudes from 80 to 100 km in the ACE-FTS, MIPAS, and SMR data.
The coefficients derived from SCIAMACHY data are increased only in the northern
polar region.

We observe enhanced Kp coefficients ¢ in the main production regions north and
south with all instruments. The magnitude of these coefficients is smallest in the SCIA-
MACHY data because polar night measurements were rare and only performed during
a period of low solar activity. ACE-FTS also provides only few data points at the begin-
ning and the end of the polar night, see Figs. 1 and 2. But in contrast to SCIAMACHY,
ACE-FTS measured also during a period of higher solar activity which explains the
larger Kp coefficients. The patterns, however, are consistent with the data from the
other instruments.

7 Conclusions

In this study, we compared the measurements from four instruments, three limb
sounders and one solar occultation instrument, using different spectral ranges: infrared,
sub-millimetre waves, and ultra-violet. Despite these different methods and accompa-
nying different retrieval strategies, the nitric oxide daily zonal mean densities of all
four instruments are consistent during the comparison time period. However, the in-
struments have different altitude resolutions. But, as single selected profiles show, the
structures of the NO density in the MLT region are larger than the instruments’ altitude
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resolutions. Therefore, even though these resolutions differ, this comparison is feasible
without applying additional corrections to the data, such as averaging kernels.

We find that the NO number density time series agree well, almost all data points
lie within the error bars (equal to the 95 % confidence interval) of the daily zonal mean
values. The remaining differences can be attributed to the different MLT measurement
schedules and latitude—time coverage of the instruments. For example, SCIAMACHY
provides only day-time measurements and therefore less data at high latitudes at polar
winter, where the other instruments observe enhanced NO values. This biases the
SCIAMACHY daily zonal mean NO number densities to lower values compared to the
other instruments. We observe this effect clearly in the comparisons shown in Sect. 4.

The medians of vertical profile differences in three geographic regions (90-50°S,
50° S—50° N, and 50-90° N) show that the NO number densities agree in general within
+50 %. However, we found larger differences up to 100 % in regions where the coin-
cident statistics are very low, see, for example, Fig. 10. We also observed that MIPAS
measured substantially larger densities than all other instruments between 100 and
120 km. But we identified no other systematic feature between the four instruments.

We set up a simple transfer function for the NO number density nyo on non-
coincident days in Sect. 6. This multi-linear regression model Eqg. (1) describes all
time series well, accounting for annual and semi-annual variations and for long-term
solar and short-term geomagnetic variations using the Lyman-a UV index and the Kp
index. We should note that this method involves jointly fitting data sets with different
local times, geolocations, and temporal frequencies. It may therefore introduce a bias
in the final result of the fit. However, our aim is not to provide a model for NO in the
MLT, but to use this regression fit as a transfer function to check the consistency of
temporally mismatched observations.

We also performed the regression analysis on an individual instrument basis and
obtained consistent coefficients in the important altitude region. In particular, we found
consistent responses to the estimators related to solar and geomagnetic variability.

12755

Jaded uoissnosiq

Jaded uoissnosiq

| J1adeq uoissnosiq |

Jaded uoissnosiq

AMTD
7, 12735-12794, 2014

NO MLT comparison
of ACE-FTS, MIPAS,
SCIAMACHY, and
SMR

S. Bender et al.

Title Page
Abstract Introduction
Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/12735/2014/amtd-7-12735-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/12735/2014/amtd-7-12735-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

30

These estimators can be further used as an empirical model of NO in the middle atmo-
sphere, in particular useful for climate models.

NO is an important proxy for the influence of solar activity on Earth’s atmosphere.
The mesosphere and lower thermosphere is the main production region of NO from
solar particles. Continuous measurements of NO in this region are rare and with the
loss of the Envisat satellite in April 2012, two important instruments are missing. With
the end of SCIAMACHY and MIPAS measurements, only ACE-FTS and SMR provide
continuous NO measurements between 80 and 120 km. From these two, only SMR
delivers global data. ACE-FTS, however, offers only limited latitudinal coverage since
it observes solar occultations, scanning the atmosphere at sunrise and sunset. There
are still more satellite instruments measuring NO in the middle atmosphere: OSIRIS,
SABER, and SOFIE. However, OSIRIS measures only between 85 and 100 km and
SABER only above 100 km. SOFIE is another solar occultation instrument and there-
fore covers also only a limited latitude range, similar to ACE-FTS.
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Table 1. Instrument overview.

SCISAT QOdin Envisat

ACE-FTS SMR MIPAS SCIAMACHY
orbit sun-synchronous sun-synchronous
altitude 650 km 580 km 790 km
equatorial crossing time  variable 06:00—-07:00/18:00—19:00 10:00/22:00
measurement type solar occultation  limb limb limb
NO wavelength infrared sub-mm infrared ultra-violet
MLT measurement days 1941 301 199 78
MLT time period 2004-2010 2003—-present 2005-2012 2008-2012
data version 3.0 21 V40 (2005-2009) 2.0

V5R (2010-2012)
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Figure 1. NO zonal mean time
(from top to bottom).
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Figure 3. NO time series comparison of all four instruments at 67.5°N, for 85km (top) and
105 km (bottom). The error bars indicate the 95 % confidence interval of the daily zonal mean.
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Figure 7. NO vertical profile comparison of the SCIAMACHY NO number density (nﬁ%’AMACHY)

to the other instruments (7). Shown is the median of the relative differences (nﬁg'AMACHY -

noee) /e averaged over days coincident with other observations. The panels show the re-

sults in the southern polar region (left), at middle and low latitudes (middle), and in the northern
polar region (right). The error bars indicate the 95 % confidence interval using the median abso-
lute deviation (3 x MAD). The numbers in parentheses denote the number of coincident profiles
in these three regions from south (left) to north (right).

12769

Jaded uoissnasiqg

Jaded uoissnasiq

| Jaded uoissnosiq |

Jaded uoissnasiq

AMTD

7,12735-12794, 2014

NO MLT comparison
of ACE-FTS, MIPAS,
SCIAMACHY, and
SMR

S. Bender et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/12735/2014/amtd-7-12735-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/12735/2014/amtd-7-12735-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD

7,12735-12794, 2014

Jaded uoissnasiq

NO MLT comparison

MIPAS _ of ACE-FTS, MIPAS,
90°5--50°S 50°5--50°N 50°N--90°N HOLLEN B
T 1 T 1T 71 T T 1 ] g SMR
180} —— ACE-FTS (19, 19, 24) . Q
i —— SCIAMACHY (143, 519, 149) 1 7 S. Bender et al.
160 —— SMR (48, 107, 30) ] S
T i ‘\ 1T TT 1 T
~ 140 1r 1F 1 ] ;
S120} 1F 1T ] -
| | -
" 100} 1 11 -;
i - 11 1t ]
or CE L f
[ —_— > | — { | o
60 L 1 L | il L L 1 L T L L >
2 -1 0 1 2-2 -1 O 1 2-2 2 e n n
median relative difference [1] = _ —
Figure 8. NO vertical profile comparison of MIPAS NO data nye’>. For a detailed description ~ —
see Fig. 7.
o
(@]
@
:
=)
;
®
_ =

12770


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/12735/2014/amtd-7-12735-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/12735/2014/amtd-7-12735-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

SMR
90°S--50°S 50°S--50°N 50°N--90°N
T i e T I S N | 1 T T ]
180} —— ACE-FTS (39, 32, 35) .
; —— MIPAS (48, 107, 30) 1
160 —— SCIAMACHY (35, 128, 41) ]

altitude [km]
=
N
o
T
1
T
1
T
1

(0]
o
—

-2 -1 0 1 2-2 -1 0 1 2-2
median relative difference [1]

Figure 9. NO vertical profile comparison of the SMR data nf,gR. See Fig. 7 for details.
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Figure 11. NO time series regression results at 67.5° N, 85km. The upper panel shows the
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Figure 12. NO time series regression results at 67.5° N, 105 km as in Fig. 11.
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Figure 13. NO time series regression results at 67.5° S, 85 km as in Fig. 11.
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Figure 14. NO time series regression results at 67.5° S, 105 km as in Fig. 11.
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Figure 15. NO mean residuals of the individual measurements to the composite fit. The marked
boxes indicate a larger than 95 % significance determined using the F test of the regression fit.
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Figure 16. NO regression coefficient d; of the annual cycle (cosine part). The marked boxes
indicate a larger than 95 % significance of the coefficient calculated using the ¢ test.
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Figure 17. NO regression coefficient d, of the semi-annual cycle (cosine part) as in Fig. 16.
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Figure 19. NO regression coefficient ¢ of the short-term geomagnetic variations from the Kp

index as in Fig. 16.
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Figure A1. NO zonal mean time series at 75km, ACE-FTS, MIPAS, SCIAMACHY, and SMR

(from top to bottom).
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Figure A2. NO zonal mean time series at 85 km, ACE-FTS, MIPAS, SCIAMACHY, and SMR

(from top to bottom).
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Figure A5. NO zonal mean time series at 115km, ACE-FTS, MIPAS, SCIAMACHY, and SMR

(from top to bottom).
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Figure B1. NO time series comparison of all four instruments at 67.5° N, for 75, 85, 95, 105,

and 115 km (from top to bottom).

daily mean NO number density, 67.5°N

4.0

°

°

4y ACEFTS X SCIAMACHY]
5 mpas & SR
ﬁ i
v ¥ i D
41

Y ACEFTS & SCIAMACHY
3 mieas § swR

¥ ACEFTS & SCIAMACHY
& mi & SMR

¥

¥

A

j it u+ ﬂLAA

¥ ACEFTS 4  SCIAMACHY|
4 MmpAs 4 SMR

& MipAs

& SCIAMACHY
{ IR ’4
R 40
i .:?’,
f. "‘q
*‘ +

2004 2006 2008

12787

2012

Jaded uoissnosiq

Jaded uoissnosiq

| Jaded uoissnosiq |

Jaded uoissnosiq

AMTD

7,12735-12794, 2014

NO MLT comparison
of ACE-FTS, MIPAS,
SCIAMACHY, and
SMR

S. Bender et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/12735/2014/amtd-7-12735-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/12735/2014/amtd-7-12735-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

Figure B2. NO time series comparison of all four instruments at 67.5° S, for 75, 85, 95, 105,

and 115 km (from top to bottom).
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Figure B3. NO time series comparison of all four instruments at 32.5° S, for 75, 85, 95, 105,

and 115 km (from top to bottom).
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Figure C1. NO time series regression results at 67.5° N, for 75, 85, 95, 105, and 115 km (from

top to bottom).
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Figure C2. NO time series regression results at 67.5° S, for 75, 85, 95, 105, and 115 km (from

top to bottom).
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Figure C3. NO time series regression results at 32.5° S, for 75, 85, 95, 105, and 115 km (from

top to bottom).
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Figure C4. NO time series regression results at 2.5° N, for 75, 85, 95, 105, and 115km (from

top to bottom).
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