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Abstract. We use the ultra-violet (UV) spectra in the range ple, Siskind et al.(2000, Funke et al(20053, andRandall
230-300 nm from the SCanning Imaging Absorption spec-et al. (2009. However, it is not clear whether the source
troMeter for Atmospheric CHartographY (SCIAMACHY) to of these NQ intrusions is from auroral production in the
retrieve the nitric oxide (NO) number densities from atmo- lower thermosphere, or due to local production in the meso-
spheric emissions in the gamma-bands in the mesosphere asghere by relativistic electrons, see, égllis et al.(1998
lower thermosphere. Using 3-D ray tracing, a 2-D retrievaland Sinnhuber et al(2011, 2012. The measurements with
grid, and regularisation with respect to altitude and latitude,the SCanning Imaging Absorption spectroMeter for Atmo-
we retrieve a whole semi-orbit simultaneously for the altitude spheric CHartographY (SCIAMACHY) on the European re-
range from 60 to 160 km. search satellite Envisat quantify this important coupling be-
We present details of the retrieval algorithm, first re- tween the sun and the upper atmosphere as they are the only
sults, and initial comparisons to data from the Michelsonmeasurements with a good sensitivity, temporal resolution,
Interferometer for Passive Atmospheric Sounding (MIPAS).and global coverage in the middle and upper mesosphere
Our results agree on average well with MIPAS data and(70-90 km).
are in line with previously published measurements from SCIAMACHY was proposed in the 1988 to fly on the
other instruments. For the time of available measurementshen Polar Orbiting Earth Mission, POEM-1 of the Euro-
in 2008-2011, we achieve a vertical resolution of 5-10 kmpean Space Agency, s&urrows et al.(1995 and refer-
in the altitude range 70-140km and a horizontal resolutionences therein. SCIAMACHY was selected as a nationally
of about 9 from 60° S—60 N. With this we have indepen- funded contribution: its industrial development being funded
dent measurements of the NO densities in the mesosphefgy German Aerospace (then DARA and later DLR). Sub-
and lower thermosphere with approximately global coveragesequently the Dutch space agency (then NIVR, later NSO)
This data can be further used to validate climate models or afpined the SCIAMACHY agency consortium in Phase A and
input for them. then Belgium in Phase B. The scientific objectives of SCIA-
MACHY comprise, beside the study of trace gases in the
upper troposphere and stratosphere, the study of the upper
atmosphere. Thus the measurement of UV and visible at-
1 Introduction mospheric emission by molecules and atoms and retrieval
of vertical profiles of atmospheric constituents in the meso-
Observations of a nhumber of Antarctic and Arctic winters sphere were targeted. SCIAMACHY has several different
have shown that in polar regions, downwelling of nitric 0X- measurement modes. The SCIAMACHY proposal envisaged
ides (NG = N, NO, NG) from the upper mesosphere and two spectrometers making passive remote-sensing solar and

lower thermosphere can provide a significant source of NO |ynar occultation measurements, coupled with limb or nadir
in the polar upper and middle stratosphere, see, for exam-
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measurements of the upwelling radiation at the top of theabout 50 min. With its special upper atmosphere (UA) mode
atmosphere on the sunlit side of the orbit. In phases A (feasiwhich, however, is also not continuous, it provides another
bility study) and B (definition study), SCIAMACHY was de- independent verification of our results.

scoped to one instrument making solar lunar occultation and This paper is organised as follows: we present some details
alternate limb and nadir measuremer@arfows et al. 1995 about SCIAMACHY and its MLT mode in Secg, Sect.3
Bovensmann et al1999. As a result of data rate limitations goes into detail about the NO gamma bands and the retrieval
on Envisat, the limb scanning mode of SCIAMACHY was method. Finally, our results and the comparisons to MIPAS
restricted from—2 km to about 93 km. However, in order to data and the NOEM model are shown in Sdct.

probe the mesosphere and thermosphere, the mesosphere and

lower thermosphere (MLT) measurements mode was adopted

as an additional limb mode since 2008. This manuscript ad? SCIAMACHY MLT mode

dresses studies using this measurements mode.

We use a part of SCIAMACHY’s UV channel 1 (214— SCIAMACHY is a limb sounding experiment aboard the Eu-
334 nm) to infer the NO number densities from atmosphericropean Envisat satellite flying in a sun-synchronous orbit at
emissions of the gamma bands in the mesosphere and lowapproximately 800 km altitude since 200Bufrows et al.
thermosphere. The gamma bands were already used in tHE995 Bovensmann et gl1999. The wavelength range of
retrieval of NO from rocket and satellite experiments. The SCIAMACHY extends from UV to the near infrared (220—
rocket experimentJleary, 1986 Eparvier and Barthl992 2380 nm). From July 2008 to April 2012, SCIAMACHY
have a very limited spatio-temporal coverage as they are reperformed observations in the mesosphere and lower ther-
stricted to single-day flights, in August 1982l¢ary, 1986 mosphere (MLT, 50-150km) regularly twice per month;
and in March 1989 Kparvier and Barth1992 and to the this limb mesosphere-thermosphere state was coordinated
area close to the starting location, Poker Flat, Alaska, in bottwith the MIPAS upper atmosphere (UA) mode once every
cases. 30 days.

Satellite measurements of nitric oxide (NO) were first The MLT mode sampled the mesosphere and lower ther-
done with the SBUV spectrometer on board the Nimbus 7mosphere at 30 limb points from 50 to 150 km with a vertical
satellite byFrederick and Serafin@985 in nadir geometry  spacing of about 3km. The scans were scheduled in place
using the NO (1,4) gamma emission at 255 nm. Further preof the usual nominal mode limb scans from 0 to 90 km, so
vious satellite experiments using the NO gamma bands in thé¢hat the rest of the measurements within the orbit sequence
ultra-violet spectral range include the Student Nitric Oxide remained unchanged and there were around 20 limb scans
Explorer (SNOE Barth et al, 2003 which measured nitric  along a semi-orbit. This compares well with the MIPAS mea-
oxide in the thermosphere (97 to 150 km) from March 1998 surement sequence, which collects limb scans every four to
until December 2003. Results are published until Septemfive degrees and its UA mode scans from 50 to 170 km.
ber 2000 and are used by the NOEM empirical model of ni- The use of the NO gamma bands for the SCIAMACHY
tric oxide in the MLT region farsh et al, 2004). The lono-  retrieval, where the first electronic state needs to be excited,
spheric Spectroscopy and Atmospheric Chemistry (ISAAC,restricts the useful measurements to times with available sun-
Minschwaner et al 2004 satellite performed measurements light for this excitation. That means we can only retrieve the
at 80—200 km and results are published for November 1999-NO densities at daytime with SCIAMACHY. In contrast to
December 1999. that, the use of the infrared bands by MIPAS allows them to

Measurements of NO in the mesosphere using microwavemeasure the NO densities at night-time as well. We take this
were done by the Sub-Millimitre Radiometer (SMR) on into account when comparing the measured densities from
board the Odin satellite. Infrared measurements were perboth instruments.
formed by the Optical Spectrograph and InfraRed Imaging
System (OSIRIS) on board the Odin satellite which mea-
sured nighttime NO from N airglow emissions up to 3 Retrieval algorithm
100km Sheese et al201]). Further infrared instruments
are the Atmospheric Chemistry Experiment Fourier trans-Fitting the calculated NO emissivities to the calibrated mea-
form spectrometer (ACE-FTSKérzenmacher et al2008 sured spectra gives the slant column densities. These are
and the Michelson Interferometer for Passive Atmosphericused to retrieve vertical profiles of number densities using
Sounding (MIPAS) also on the Envisat satellite. The MI- a constrained iterative least squares algorithm based on the
PAS instrument measures the vibrational-rotational emissionvork by Rodgers(1976 and which is similar to the one
lines of NO with its infrared spectrometer directlifunke  used in the retrieval of the MIPAS data producter{ Clar-
et al, 2005h Bermejo-Pantaleén et aR011). It shares the  mann et al.2003 Funke et al.2005h. Further inputs are the
satellite with SCIAMACHY but is oriented to view in the high-resolution solar spectrunCfance and Kuru¢2010
opposite direction. This means that MIPAS samples the aifand the temperature from the NRLMSISE-00 mod&tone
at approximately the same tangent points but with a delay okt al, 2002 for the emissivity calculation, as well as the
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Table 1. NO emissivity parameters used in the paper for the three NO emissivity at 200 K
NO gamma bands used for the retrieval. 3.0 T T T T T T T
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3.1 NO gamma bands

Fig. 1. NO emissivities calculated for a temperature of 200K for
The NO gamma bands result from the electronic transitiong selected number of gamma bands. The small black lines indicate
of the NO molecule from the first excited sta?x ™, to the individual rotational emission lines within the vibrational transi-
the ground staté&2I1. The excitation happens by absorbing tion bands and the coloured lines are the emissivity bands resulting
solar UV light, which restricts our retrieval to daytime nitric from binning to the SCIAMACHY spectral resolution and convolv-
oxide, as discussed at the end of Sact. ing with the respective spectral slit function.

The various gamma bands have different advantages and

disadvantages for retrieval. The ones to the vibrational ) ]
ground state of the electronic ground state, e.g. the (1State Eparvier and Barti1992). The mostimportant param-
0), (2, 0) transitions, have the advantage of high emissiorEters fqr _the emissivity calculation are summarised in Ta-
rates and the disadvantage of self-absorption, see, for ex2!€ 1, listing the selected values froimuique and Crosley
ample,Eparvier and Bart{1992 and Steveng1999. This (1999. The molecular constants can be found in Table 2
makes the atmosphere optically thick with respect to thes&’ Eparvier and Bartf1992.
bands and the emissivity depends on the total slant column 1he calculated spectrum at 200 K for a selected number of
density along the line-of-sighEparvier and Barth1992. [n ~ 9amma bands is shown in Fifj.where the small black lines
contrast to that, transitions to a different vibrational state, e.gindicate the individual rotational transitions and the larger
the (0, 1), (0, 2), or (1, 4) transitions, have a lower emissivity, €"Velope lines result from binning to the SCIAMACHY res-
but the probability of self-absorption is greatly reduced. olution .and the convolution with the spectral slit f'unctlon
of the instrument. The spectra are calculated using spec-
troscopic data (oscillator strengths and branching fractions)
from Luque and Crosle{1999.
The emissivities of the NO gamma bands are calculated The gamma bands shown in Fig.are the ones that are

3.2 NO emissivity calculation

following Stevens and otherEparvier and Barth1992
Stevens1995. The emission rate factogs/,~ for the transi-
tion from the vibrational state’ of the electronically excited
state to the vibrational stat¢ of the electronic ground state

visible in SCIAMACHY’s UV channel 1. For the retrieval

we use the three gamma bands with the largest emissivities
in that spectral range, which are the (0,2), the (1,4), and the
(1,5) bands at 247, 255, and 267 nm, respectively. These are

are given by the sums over all rotational emission factorsall non-resonant bands and the line-of-sight should be opti-

gjj» (seeEparvier and Barth1992and references therein
andStevens et 811997, which are given by

SGI"
gj/j// = 2j/+1wv/v”
N S(j'j) N;
2. i Fritogr oy, @
j=la+z M J 41 No

Here, S are the Honl-London factors for the rotational tran-
sitions Earls 1935 Schadegl1964 Tatum 1967, w is the
branching fractiona the transition wavelengthy F is the
solar irradiance at that wavelength taken fr@hance and
Kurucz (2010, and f is the oscillator strengthy; is the
NO population of the rotational level and Ng the popu-
lation of the zero vibrational level of the electronic ground
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cally thin. Additionally including the (0,3) band gives a neg-
ligible improvement of the results but increases the memory
needs and processing time because of the larger matrices in-
volved in the retrieval.

The integrated band emission rate factors for 200 and
1000K are listed in Table, with the top line listing the
numbers used in previous workl{nschwaner et al.2004
using the parameters froRiper and Cowle§1986); Stevens
(1995. The emission rate factors used in this work are listed
in the second line, calculated using the experimentally de-
rived parameters frobuque and Crosleg1999. They agree
within a few percent and the differences can be attributed
to using slightly different oscillator strengths and branching
fractions.
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Table 2.NO band integrated emission rate factors (irdphs-l) ~ sun Stevens et al1997). This absorption is independent of
at 200 and 1000 K for the bands used in the retrieval. Top row: re- the NO number density and modifies the column emission
sults from Stevens(1995, using the parameters froRiper and  rate as seen by the instrument by the constant factarkhe
Cowles (1986, and used for NO retrieval bylinschwaner et al.  optical depthr is given by

(2004. Bottom row: factors used in this work, using the parameters

from Luque and Crosley1999. = Z Giabsglabsds ’ (5)
Reference TK (0,2 (L4) (1,5) ' Los
Minschwaner et a{2004 200 2.08 156  1.49 where the sum includes all absorbing species along the line-
cf. Steveng1995 1000 2.17 153 1.45 of-sight. This leaves us with the linear relationship of the in-

tensity to the slant column densigyc in Eq. @).
200 202 160 1.39 y itxcin Eq. @)

this work 1000 2.11 157 1.37

3.4 Retrieval algorithm

The general problem is to invert EQ)(to extractx from y,

The variation of the emissivity over the temperature rangewhere there are usually a different number of measurements
from 200 to 1000K is smaller than five percent, see Ta-(y) than unknownsx), which means that Eq2) is under-
ble 2. The temperature range found in the thermospheredetermined or overdetermined. In the case of an overdeter-
is smaller (200K...600K) such that the error introduced mined system, this inversion problem can be solved by min-
by using model temperatures from NRLMSISE-done  imising
et al, 2002 instead of temperatures measured by MiI- 2
PAS Bermejo-Pantaledn et aR011) is small, although de- 1K¥ = ¥17, (6)
viations around thirty up to sixty percent from the model

whereK is the Jacobian of the forward model E@).(The
were found.

measurementsg are the slant column densities from fitting
the calculated NO spectra to the measured ones. We fit each

3.3 Radiative transfer T
NO gamma band individually to get three separate measure-

The general forward model is the functional relation ments (and errors) of the slant column density at the tan-
gent points. The measurement vecjohas the dimension
y=F(x) 2 3x(number of tangent points) and the results from all three

gamma bands are used simultaneously to retrieve the number
between the measurementand the quantities of interest densityx.
In the case discussed in this paper, the measurements are theln the case of an underdetermined system, additional con-
spectral irradiances at the frequencyor at wavelength.) straints are needed. These are given by the a priori input, i.e.
at the satellite pointf,. Of interest are the number densities approximate knowledge of the soluti@n The minimisation

of NO at the retrieval point, x (s). problem then changes to

The measured irradiandg at the frequency is given by
the radiative transfer equation as the integral over the line-of{lKx — yIIS_1+ llx —xall2 St (7)
sight:

whereS are the covariance matrices and the subscript “a” in-
N dicates the a priori quantities. Doing a 2-D-retrieval, we ad-
I, = x($)Y($)Fy(s)+o e ds 3 o s ) ’ .
Y _/ ) ($)Fr(5) + oROair) @) ditionally constrain the solutions to not vary too much with
altitude and latitude by introducing regularisation matrices
~yFe ™ / x(s)ds = y Fe™" - osc, (4) Rait and Riat, seeScharringhausen et 20083 and Lan-
gowski et al(2013. This then leads to the minimisation of

LOS

LOS

In Eq. 3), x is the number density of the specigsthe emis- IKx = ylig st + 1 —xallg St

sivity fac/tor, andF the solar iradiance at the excitation fre- +hatlRa(x — xa) | + Matl Riat(x — xa) 1% (8)
quencyv’. The Rayleigh part of the spectruakoar, is fitted
as a spectral background signal. in our case. The a priori covariance matBixis chosen as,l

Since we use non-resonant transitions, the line-of-sight igvith an empirically tuned parameteg. The regularisation
optically thin with respect to self-absorptioStevens et gl.  matricesRarr and Rjat are discrete first derivative matrices
1997). Retrieving number densities above 60 km has the adWith respect to altitude and latitude. Their effect is a smooth-
ditional advantage that quenching is negligible and the op4ng of the solution in these directions, preventing large oscil-
tical depth is mainly determined by the ozone and air ab-ations by carefully choosingair andia. The regularisation
sorption along the line-of-sight and along the line from the Parameters used in this work are given in Teble
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Table 3.Regularisation parameters as used in the NO retrieval from Orbit 41467, 02, Lat: 70.8 deg, Lon: 182 deg, Alt: 106 km.
SCIAMACHY limb scans. T 8

1-D 2-D

ra 3x10718 3x10718
Aat 1x 10717 1x 10717
Mat 0 3x 10717

residual radiance [ph/cm2 /s/inm

The solution of Eq. §) is obtained by an iterative algo-

. - ; L 245 246 247 248 249
rithm. Defining a combined regularisation matfas

wavelength [nm]

R := S; + raRLRait + MatR G Riat » 9) Fig. 2.NO (0,2) spectral fit, showing the residual spectra (red) after

dark-current subtraction and Rayleigh background fit, and the fitted
the intermediate solution is given bydn Clarmann et al.  NO spectrum (blue) with a low order polynomial as a baseline.
2003 Funke et al.2005h

o1 i+ (KTS;lK n R)—l __2010-02-03 Orbit 41467, NO 02 _ 6

140 . - 1M §

(K780 = yixi) + Rwa—x1)] - (10) : L2

T 1201 : 8 ’;'

3.5 Model input 2 : : oy 3 £

g 100 (f 0] CrocifiE M2 g

Our retrieval uses model input to provide an initial guess £ : z o 1€

for the number density and to improve the convergence © 80F 1Mo 2

of the iteration. The a priori input stems from the NOEM H 1 =

model Marsh et al. 2004, which is also used by the MI- °or RN RN 5 §
PAS NO retrievals Funke et al. 2005h. It is an empiri- -80 —60 —40 —20 0 20 40 60 80

cal model based on SNOE observatioBaith et al, 2003 latitude [deg]

and constructed for the altitude ra_nge from 100 to 150 I(mFig. 3. NO slant column densities for the (0,2) transition along the
only (Marsh et al.2004). The extension downwards and up- sample orbit (no. 41467, 3 February 2010).

wards is done by using constant number densities indepen-

dent of altitude. Hence, the use of the NOEM model for alti-

tudes below 100 km is questionable, but we use it because Oﬁrevious measurements from SNOEa(th et al, 2003. As
our direct comparisons to MIPAS data. _ the figure shows, the UV spectra can be noisy, i.e. the NO
Another input necessary for the emissivity calculation gjgnay s near the noise threshold, introducing errors into the

of the NO rotational transitions are the atmospheric teM-tiiaq sjant column densities and reducing the signal-to-noise
peratures. These are calculated using the NRLMSISE-0Qy4iiq (SNR). These errors are taken into account by the re-

model Picone et al.2002 which has as main input parame- ieval algorithm as the covariance mat, see Egs.7)

ters the geomagneti¢, index and the solar radiq flugo.7. _and @), giving less weight to points with a low SNR.

These data were taken from the Space Physics Interactive Thg resyiting slant column densities for the same orbit are
Data Resource (SPIDR) servidd@DC and NOAA 2010) o in Fig.3 for the (0,2) transition. The largest slant
of the National Geophysical Data Center (NGDC) of the Na- .o jymn densities for all three lines (the other two are not

tional Oceanic and Atmospheric Administration (NOAA).  ¢hown here) are observed at approximately the same tan-
gent points, namely in the region from G8-70 N and at

4 Results altitudes around 100 km.
The zonal mean (6IN-9C N) for the line-of-sight emis-
4.1 NO number density sivities are shown in the left panel of Fig. They are ob-

tained by integrating the relevant part of the measured spec-
To illustrate the results of our retrieval, we choose one exam+irum and averaging the results with equal weights. The max-
ple orbit, 41 467 from 3 February 2010, to show the individ- imum of the emissivity profile is observed slightly below
ual steps. For one selected tangent point,N;21105km, the 100 km limb tangent altitude. The profile of the fitted slant
spectral fit for the NO (0,2) transition is shown in FiyThis column densities, shown in the middle panel of the same
latitude and altitude were chosen such that the NO content ifigure, shows the same features and reflects the measured
that region is supposed to be non-negligible as indicated byemissivities. The resulting number density profile is shown

www.atmos-meas-tech.net/6/2521/2013/ Atmos. Meas. Tech., 6, 2%5R4 2013



2526 S. Bender et al.: SCIAMACHY MLT NO retrieval

160 LOS emissivity 60N--90N slant column density 60N--90N NO number density, 60N--90N
— T T T T — T T T T IR

T T T
t  NOEM apriori
t4  null apriori

140} g + g +

120 g 3 g 3

100 g 3 g 3

altitude [km]

80 g 3 g 3

60 g 3 g 3

40 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
2 -1 0 1 2 3 4 5 6 7 -5 0 5 10 15 20 25 30 35 40 -05 00 05 10 15 20 25

LOS emissivity [10° photons/s/cm?] slant column density [10*° /cm?] NO number density [10° /cm?]

Fig. 4. Zonal mean (6ON-9C° N) integrated NO emissivity profile (3 February 2010) (left panel), zonal mean fitted slant column densities
(middle panel), and zonal mean NO number densities (right panel) using the NOEM model as a priori input (blue line) and without prior
assumptions (red line). The error bars show the8nfidence interval.

1602010'02‘03 Orbit 41467, NO 02+14+15 20100203: Orbit 41467, NO 02+14+15
4 = AKM (alt) 71
E 160 L ‘ \\‘\\\\\\\\\‘\\\\\\\\\
140 9 N i
£ Y f |
~ 120 5, > i i
g 2 140} i
£ 100 L8 i I
© g = i
80 —_ i 1
£

03 € 120} .
60 = i ]
-80 —-60 —40 —20 0 20 40 60 80 g i i
latitude [deg] 2 B i
: . . _ = 1001 «
Fig. 5. Retrieved NO number densities along the sample orbit © B ]
(no. 41467, 3 February 2010). - E
80| -
in the right panel of Fig4. It shows that the altitude of the i 1
largest number density is above the peak emissivity and peak i i
slant column density. This is the result of the retrieval algo- pobiiroo bl

-0.1 0.0 0.1 0.2 0.3

rithm that takes into account that the slant column density is AKM

given by the total NO emission along the line-of-sight which
is largest at a tangent point where the line-of-sight includesFig. 6. Altitude averaging kernel matrix elements for a sample orbit
the whole NO layer in the thermosphere, i.e. slightly below (no. 41467, 3 February 2010).
100 km.

Using the retrieval algorithm as described in S&ctthe
calculated number density distribution along the orbit is 4 o  Resolution
shown in Fig.5. As already indicated by the slant column
densities and the number density profile in Figthe max-
imum here is between 80N and 70 N and at an altitude
of around 100-110 km. In the northern winter there is polar
night at latitudes north of 80 hence the retrieval of NO in
this region is not possible.

The vertical averaging kernel elements of our retrieval for a
particular orbit are shown in Fi§. The respective full width
at half maximum, fwhm, are shown in Fig@. The fwhm is
used as a measure of the vertical resolution and is 10 km or
better in the range from 70 to 150 km. A vertical resolution
of about 5 km is achieved from 80 to 140 km.

The horizontal averaging kernel elements, calculated for
the same orbit are presented in F&with the respective

Atmos. Meas. Tech., 6, 25212531, 2013 www.atmos-meas-tech.net/6/2521/2013/
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20100203: Orbit 41467, NO 02+14+15 20100203: Orbit 41467, NO 02+14+15
AKM (alt) 71 AKM (lat) 106 km
160 T 14 p=—r=—r— L L L L
13 _]
140 . 12| —]
I o 111 —]
[}
i S,
'€ 120} . s 10| —
B | el LU
bS] i [T //
2 l
] : UUUL/U VV\H]\;
i o -
[ 6 ! | | Ll L Ll !
801 N =60 -40 -20 0 20 40 60
[ T latitude [deg]
60 | ] Fig. 9. FWHM of the latitude averaging kernel matrix elements for

0 10 20 30 40 a sample orbit (no. 41467, 3 February 2010). The apparent large
FWHM [km] variation is due to the grid spacing of 2.5The green line is a
smoothed cubic B-spline fit indicating an average latitudinal res-

Fig. 7.FWHM of the altitude averaging kernel matrix elements for a Plution of about 9.

sample orbit (no. 41467, 3 February 2010) as an indicator of vertica
resolution.

4.3 Comparison to one-dimensional retrieval
20100203: Orbit 41467, NO 02+14+15

AKM (lat) 106 km

TT‘TTT‘TTT‘TTT‘TTT‘TTT‘TTT‘T

A common approach used in trace gas retrieval consists of
using homogeneous atmosphere layers to invert only a sin-
gle limb scan, resulting in a vertical profile at one geoloca-
tion. This works well when the radiative paths through the

LLL

0.3

THHHH‘HH TTTLLTT

0.2 atmospheric volumes for each scan are independent of one
s another, i.e. the distance between limb scans is larger than
£ 01E- the optical path for a given tangent height and the gradient in

Ll HhHHHHhHHHHh

NO is small. NO in the lower thermosphere and upper meso-
sphere, however, has a steep horizontal gradient from high
to mid-latitudes. Here, the two-dimensional approach allows
us to take advantage of the closely spaced limb scans from
SCIAMACHY, in particular in the northern polar region. The
combined information from the overlapping limb scans along
the line-of-sight helps to better represent the strong latitudi-
Fig. 8. Latitude averaging kernel matrix elements for a sample orbit Nal gradient. The method is new, and is described in more de-
(no. 41467, 3 February 2010). tail in Langowski et al(2013. To demonstrate the advantage
of the 2-D, or more generally tomographic, retrieval over the
1-D retrieval, a comparison is presented.

fwhm shown in Fig9. In the retrieval runs in this paper, the  The 1-D version of the retrieval results in a vertical pro-
grid consists of 2.5latitude bins, which restricts the fwhm  file of the NO number density along a single limb scan. In
to the resolution within subsequent 21&ins. This makes the  the 2-D version of the retrieval, the latitude distribution of a
horizontal resolution jump between 7.8nd 12.8 around  limb scan spans three latitude bins of the retrieval grid. To
the true value. The average is obtained by a cubic B-splin&ompare those two methods, the number densities of the 2-D
fit using a large smoothing constraint, and a similar figure isresult have been interpolated to the limb scan’s latitudes. The
obtained by using a 13 or 15 point running mean. It showsvertical profiles in comparison are shown in Fig).together
that the real horizontal resolution, determined by the radia-with the a priori input. Results are shown for high northern
tive transfer, is quite constant betweerf &Jand 60N, be-  |atitude (62 N), in the equatorial region (2N), and in the
ing that for 9. southern polar region (63).

The profiles agree within the error bars (measurement er-
rors) but are notidentical. It is also clear that the a priori is not
the primary input for the retrieved number density since there
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Fig. 10. Comparison of retrieval methods, 1-D retrieval (blue line), 2-D retrieval (green line), and the respective a priori input (red line) for
three geographic regions of the selected sample orbit (no. 41467, 3 February 2010).

are both, differences in the peak altitude and in the absolute 2008: SCIAMACHY / MIPAS, 43 orbits

value of the density. The 2-D results show a smaller measure- 2.5 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
ment error due to the possible influence of neighbouring limb
scans in the retrieval. However, to make both methods com- 2.0 7
parable, the latitudinal regularisation was switched off for the

1-D version and the vertical parameter was slightly adjusted. o 1.5 .
This comparison gives confidence in the 2-D retrieval since © +
the results are of the same quality or better than the 1-D re-> 10} + -

sults. Thus, it is a valid method to measure the NO content in
the middle atmosphere from SCIAMACHY UV spectra. 05

4.4 Comparison to MIPAS measurements

0.0 I I I I I I I I I
-80 -60 -40 -20 0 20 40 60 80

As MIPAS and SCIAMACHY both fly on Envisat, although latitude [deg]
viewing in the opposite direction, a direct comparison of the

results is possible. Data products from the MIPAS instru-
P P (70-140km), averaged in 20atitude bins from 43 coincident or-

m?r.]t Bermejo-PantaIeon et a201]) include th?f .V0|ume bits in 2008. The horizontal bars indicate the bins and the vertical
mixing ratio (vmr) rather than the number densities of NO. | ., .o 3 confidence interval

We have converted the MIPAS vmr values to number den-

sities using their retrieved temperatures. Retrieved polar NO

profiles have a vertical resolution of 5-10 km for higfval-

ues, and degrade to 10-20 km for lewy conditions. Below  at 5.3 um) which may have different biases. Nevertheless,

approximately 120 km, total retrieval errors are dominated bypossible inconsistencies related to this merging are consid-

instrumental noise. The typical single measurement precisiorred to have a smaller impact on the column comparisons

of NO abundances is 10-30% for highy values, increasing than the different vertical resolutions would have on pro-

to 20-50 % for lowAp, conditions. Above 120 km, systematic file comparisons. For our comparison, the vertical column

errors due to uncertainties of the atomic oxygen profile usedatios (SCIAMACHY/MIPAS) for orbits, where both instru-

in the non-LTE modelling are the dominant error source.  ments scanned the upper atmosphere are binned iAtat20
We compare the vertical NO columns in the range ofitude bins and are shown for 2008 in FidL and for 2009 in

70-140km from MIPAS to the SCIAMACHY derived re- Fig.12. The MIPAS measurements are confined to those for

sults. This is the range of maximal vertical resolution of daylight limb scans, selected by using the criterion that the

the SCIAMACHY retrieval. Both instruments have differ- solar zenith angle must be smaller thar? 9%ince the com-

ent vertical resolutions, and both are broad with respect tgarison goes down to 70 km.

NO vertical variability. For this reason, column comparisons For the majority of latitudes, the ratio of the SCIA-

have been done. This, however, implies merging two differ-MACHY to MIPAS NO columns is close to one considering

ent MIPAS NO products (below 100 km using temperaturethe standard error of the mean (error bars). We find that the

retrieved at 15um and above from a joifitNO retrieval SCIAMACHY measured columns are in general larger than

Fig. 11. Ratio of SCIAMACHY to MIPAS NO vertical columns
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)5 2009: SCIAMACHY / MIPAS, 73 orbits 20 daily mean NO density, 60N-70N, 106 km
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Fig. 12. Ratio of SCIAMACHY to MIPAS NO vertical columns
(70-140 km), averaged in 20atitude bins from 73 coincident or-  Fig. 14.Auroral daily mean nitric oxide number density at 106 km,
bits in 2009. The horizontal bars indicate the bins and the verticalSCIAMACHY MLT (black) and MIPAS UA (blue) compared to the
bars the 3 confidence interval. NOEM model (red) fMarsh et al.2004 based on SNOE datBérth
etal, 2003. The grey shaded area shows thec®nfidence interval
) ) of the SCIAMACHY daily means and the blue triangles indicate
10 — dally‘ mean NO ‘,’?’?S,'t?’: ,S,SiS,N,' 106 ,km _ coincident SCIAMACHY MLT and MIPAS UA measurement days.

—— SCIAMACHY
g | — MIPAS : . . .
lution. This may explain part of the disagreement, but further

NOEM model research is required to establish the origin of the differences
6 [ ) quantitatively.

cm?

4.5 Number density time series

For the MLT observations from July 2008 until March 2011,

number density [10’
Sy
T

2 + i the NO number density at 106 km in the equatorial region
(5° S-5 N) is shown in Fig13, in the auroral region (60N—
iy ) M . 66° N) in Fig. 14. We compare the results for NO, retrieved
1Jan 1Jan 1Jan from SCIAMACHY with those from MIPAS and those from
2009 2010 2011 the NOEM model ilarsh et al. 2004 which is derived from
Fig. 13. Equatorial daily mean nitric oxide number density at SNOE measurementB&rth et al, 2003.
106 km, SCIAMACHY MLT (black) and MIPAS UA (blue) com- The patterns of the SCIAMACHY NO are similar to those

pared to the NOEM model (redMarsh et al. 2004 based on  from NOEM. However, the NOEM results are systematically
SNOE data Barth et al, 2003. The grey shaded area shows the higher than the SCIAMACHY data. This disagreement is
30 confidence interval of the SCIAMACHY daily means and the |argest in 2008 and 2009, during the deep solar minimum,
blue triangles indicate coincident SCIAMACHY MLT and MIPAS  \yhen also the geomagnetic activity was very low; in 2010,
UA measurement days. when both solar and geomagnetic activity were beginning to
increase again, the agreement is better. Nearly perfect agree-
_ . . ment is reached in 2011 at high latitudes. The consistency
the MIPAS results, except for higher northern latitudes ('namong the MIPAS and SCIAMACHY data may hint at as-
particular in 2008). One possible explanation might be thesumptions within the NOEM model, which was derived from

deficit of simultaneous measurements in that region. Ther&sNOE observations during a period of continuous high solar
are four times (2009) to ten times (2008) as many coincident, |4 geomagnetic activity (1998—2000).

points at middle to low latitudes as in the°8fins. This ratio

is about two in the-80° bins and although both retrievals

use a similar regularisation, different biases can result whems Conclusions

dealing with unavailable direct measurements. The a priori

constraint in the SCIAMACHY retrievals,, bends the so- We present a retrieval algorithm for the extraction of NO
lution into the direction of the number density given by the number densities in the mesosphere and lower thermosphere
model. In contrast, the MIPAS regularisation matrices have(MLT) region from the measurements of scattered solar radi-
the effect of using the profile shape as a constraint for the soation and atmospheric emissions in limb viewing geometry
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from the SCIAMACHY instrument aboard Envisat. The VH-NG-624. The IAA team (M. Lépez-Puertas and B. Funke) was
method is adapted from earlier work (@charringhausen supported by the Spanish MINECO under grant AYA2011-23552
et al, 2008h a) and was extended to use the gamma band#ind EC FEDER funds. The SCIAMACHY project was funded

of NO and the UV spectra of SCIAMACHY's special MLT Dy German Aerospace (DLR), the Dutch Space Agency, SNO,
limb scans. The retrieval method is an adapted version of th@"d the Belgium ministry. ESA funded the Envisat project. The
MIPAS retrieval algorithm to be found von Clarmann et al. University of Bremen as Principal Investigator has led the scientific

. ) . _ support and development of SCIAMACHY and the scientific
(2003 andFunke et al(2005h. Using 3-D ray tracing, a 2 exploitation of its data products. We acknowledge support by

D retri(?val gri'd, and regularisat!on with respect .to ?ItitUde Deutsche Forschungsgemeinschaft and Open Access Publishing
and latitude yields the NO density for half an orbit simulta- gnqg of Karlsruhe Institute of Technology.

neously for the altitude range from 60—160 km.

The retrieval of NO number densities from the fit of calcu- The service charges for this open access publication
lated spectra for the NO gamma bands gives yields NO datajave been covered by a Research Centre of the
which are consistent with previous measurements f8amth Helmholtz Association.
et al.(2003 andMinschwaner et al2004). A first compari-
son shows that they are also in reasonable agreement betweEflited by: H. Worden
60° N and 60 S with the measurements of the MIPAS instru-
ment on board the same satellite for the orbits where bo”heferences
instruments scanned the upper atmosphere (50-150 km). For

low geomagnetic activity (lowp) in 2008-2010, we obtain  garth . A., Mankoff, K. D., Bailey, S. M., and Solomon, S. C.:
a vertical resolution of 5-10km in the altitude range 70—  Gjobal observations of nitric oxide in the thermosphere, J. Geo-
150 km and a horizontal resolution of abo@t 9 phys. Res., 108, 1027, dbD.1029/2002JA009452003.

The current approach is successful in retrieving the NOBermejo-Pantaleén, D., Funke, B., Lépez-Puertas, M., Garcia-
number densities in the mesosphere and lower thermosphere Comas, M., Stiller, G. P., von Clarmann, T, Linden, A,
with SCIAMACHY MLT limb scans. The results are in rea- ~ Grabowski, U., Hopfner, M., Kiefer, M., Glatthor, N., Kellmann,
sonable agreement with previous measurements from other S- and Lu, G.: Global observations of thermospheric tempera-
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for NO in that region from 2008 to 2012. The comparison Res., 116, ALO313, ddlo'1029/2011‘]A016_752011' )
to the empirical NOEM model shows that the largest devi- Bovensmann, H., Burrows, J. P, Buchwitz, M., Frerick, J,

. . . . Noél, S., Rozanov, V. V. Chance, K. V., and Goede,
ations occur at times of low solar acywty. The consistency 5 p H: SCIAMACHY: Mission Objectives and Measure-
among the measurements, however, indicates that the model nent Modes, J. Atmos. Sci., 56, 127-150, #6i1175/1520-
assumptions, derived from NO observations at times of high  0469(1999)0560127:SMOAMM>2.0.CO;2 1999.
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