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Abstract. The nitrate radical (Ng) has been detected spheric NQ abundance:
in visible limb-scattered spectra measured by the Optical
Spectrograph and InfraRed Imager System (OSIRIS) on-

board the Odin satellite when observing at large solar zenith23TNO2—>02+NOs (R1)

angles (91-9%). Apparent slant column densities of N@  NO;4+-NOy+M—>N,Os5+M (R2)
tangent heights between 10 and 45 km are derived via spec-
tral fitting in the 610—680 nm window. Using observations N2Os+M<«>NO3+NO2+M (R3)

from multiple scans spanning solar zenith angles of 91-97
the rapid evolution of N@through sunrise and sunset can be Since NOs may be converted to HNon the surface of
aerosols, N@ represents a key intermediary in the con-

traced. Slant column densities are found to be generally con€™"": ) .
sistent with those simulated using a radiative transfer modeYersion of NQ from an active (NO and N§) to an in-

with coupled photochemistry. In addition, a strong depen-2ctive (HNQ) form. At solar zenith angles (SZAs) less
dence of N@ with temperature is observed. These resultsthan about 93-9% which corresponds to sunset/sunrise in
indicate that our current knowledge of N@hotochemistry the stratqsphere, photolysis rapidly destr9y53N.(her_eby.

is generally consistent with OSIRIS observations to within SUPP'€SSING its abundance to a small fraction of its nlghttlme'
the limitations of the radiative transfer modeling. Further- values. To date all successful measurements of stratospheric

more, they reveal that OSIRIS possesses signal-to-noise sufO3 have been made by measuring light which has sam-
ficient to make useful measurements of scattered sunlight of1€d the atmosphere at SZR3 (the SZA at the observation

to solar zenith angles of 91-9and suggest the possibility point is smaller, but a portion of its path has traversed larger

of retrieving profile information for N@and other species at S2AS)- Figurel illustrates the evolution of Nprofiles
large solar zenith angles. calculated using the University of California, Irvine (UCI)

photochemical box modeP¢tathey 1992 McLinden et al,
2000 through sunrise and sunset. It shows thesM@mber
density as a function of altitude at several SZAs, including
1 Introduction 100° which was chosen to represent nighttime. The months
and latitudes were chosen to be representative of the location

. L . . of the observations shown below. Note that refraction is not
An important player in nighttime stratospheric photochem- .

istry is the nitrate radical, N§ In the absence of sunlight, included in the UCI model. At the onset of sunrise (panel

; ) - " a) at the top of the stratosphere (50 km altitude, SB&°)
the following ReactionsR1)~(R3) largely govern the strato NOj3 remains at its nighttime value until there is direct illu-

mination of the upper stratosphere. At a SZA of 9803
below ~30 km remains near its maximum while above this

Correspondence tcC. A. McLinden altitude there is substantial destruction from photolysis. At
BY

(chris.mclinden@ec.gc.ca) a SZA of 93, NOs is reduced by more than an order of
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a5 ‘ ‘ - vertically-resolved coveragéarchand et a).2004).
40\ > ] \ ] This work examines the utility of OSIRIS (Optical Spec-
] trograph and InfraRed Imager System) for sensing strato-

spheric N@. OSIRIS, in orbit on the Odin satellite since
] ] 2001, measures sunlight scattered from the Earth’s limb from
— — T 7-70km in tangent height and between 280 and 800 nm at
// Z§§ / Z§§ ~1 nm resolution I{lewellyn et al, 2004. While a limb-

—os scatter instrument is not an obvious candidate forsN&

15| 96 96 . R . . .
I// —A A trievals, Odin resides in a Sun-synchronous, near-terminator
TS T s 5 0 s E] orbit. This means OSIRIS, which was designed for observ-
Number Density (10° cm ™) Number Density (10° cm ™) . . .
ing at low light levels, generally observes near sunrise and
sunset.

Fig. 1. Diurnal variation of NG as calculated in the photochemical
box model at several solar zenith anglésy sunrise on 15 Decem-
ber at 35 N and(b) sunset on 15 June at 8l. The horizontal lines
indicate the altitude of Earth’s shadow in the photochemical model,
colour-coded according to the solar zenith angle. In pémethe

97 and 100 traces are virutally identical.
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2 OSIRIS observations of NG apparent slant column
densities

For optimal NQ detection, OSIRIS needs to look as far off

the terminator as possible in order to maximize the variation

of the SZA along the line-of-sight (LOS). Additionally, the
magnitude as the entire stratosphere is now directly illumi-scattering angle (or, the angle between the incoming sunlight
nated. The growth of N@begins as the sun sets (panel b) in and the OSIRIS LOS) must be a minimum so that OSIRIS
the stratosphere but is delayed (relative to sunrise) due to thgs on the night side of the tangent point. This geometry in-
time constant of ReactiofiR(l), about 5 min at 40km. While  creases the photon signal due to the (relatively) small SZAs
the local time difference (sunrise vs. sunset) drives most ofyt the tangent point, and also increases the; lBsorption
the differences in these two paneIS, the difference in |at|tud95|gna| as this ||ght must traverse |arger SZAs, and hencg NO
and time-of-year also plays a role directly via the N@o-  abundances, on its way to OSIRIS. Using these criteria the
file and through the rates of Reactiofsl{—(R3) via ozone  optimal period to observe N{at sunrise is in December on
and temperature profiles. As a rough approximation, differ-the descending node (scattering angle-G#°) and NG at
ent seasons and latitudes may modify the values in each panglinset is in June on the ascending node (scattering angle of
by a factor of two but the character of the SZA-dependence.5g°). This study will focus exclusively on these periods.
remains the same. The amount by which the SZA varies along the LOS de-

Historically, ground-based lunar measurements (e.g.pends heavily on the particular geometry, but representative

Noxon et al, 1978 Smith and Solomon199Q Wagner et  numbers are 3for the sunrise period and® Zor the sunset
al., 2000 have been used most extensively to measurg.NO period McLinden et al, 200§. These numbers represent
Stellar and lunar occultation of NChas also been success- the change in SZA between the tangent point and one scale
ful in retrieving NG; profiles Renard et a).2001, 2005, height above the tangent point (along the LOS).
most recently with the SCIAMACHY (SCanning Imaging  The spectral fitting routine dflaley et al (2004 was used
Absorption SpectroMeter for Atmospheric CHartographY) to derive apparent slant column densities (SCDs) o K&
(Amekudzi et al. 2005, SAGE (Stratospheric Aerosol and tween 10 and 45 km. The SCD represents the number density
Gas Experiment) Il (R. Moore, 2006, personal communi- weighted by the pathlength of the scattered sunlight through
cation), and GOMOS (Global Ozone Measured by Occulta-the atmosphere. Possible paths include single-scattered,
tion of Stars) Marchand et a).2009) satellite instruments. multiple-scattered, as well as light reflected from the sur-
Lunar and stellar systems are advantageous since their lighiice into the observing LOS. Considering the utilized wave-
source is dim enough to not affect the Bl@bundance. Other lengths (see below) and large SZAs, a large fraction of the
ground-based systems, such as zenith-sky spectrosCogy ( detected light originates from singly-scattered photons. The
et al, 2002 and the off-axis technique (e.§Veaver 1996, fitting window 610—-680 nm was selected over the more com-
employ the Sun as a source and observe during twilight. Thenon 640—-680 nm window as it contains two large N@a-
key with all methods that measure Sunlight is to observetures (instead of one) and provides increased signal-to-noise
light that has traversed a range of SZAs in order to both(due to more pixels) and reduced correlations with other ab-
have a large enough photon signal to overcome noise busorbers, particularly ozone. The two spectral windows give
also to sample local night where N@ abundant. All told  very similar SCDs. For each scan the reference spectrum was
there have been relatively few measurements of stratospheriabtained by co-adding all spectra from that scan with tan-
NOs made to date with only GOMOS providing large-scale, gent heights between 45 and 55 km. Thed\f@oss-sections
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Fig. 2. Results of a typical spectral fit. Shown are the fittedgno 3 July 2004 (8S-10'N).

optical depth spectrum and the fitted Bl@lus the residual of the

fit for scan 15179021 (7 December 2003; tangent height=39 km;

latitude=40 N; longitude=47 E; SZA=95.4). The fitted NQ

SCD is 7.210"cm™2 and the RMS-residual (over wavelength) . .
is 0.0027. The region near 630 nm is not included in the fit (Seecember period covered a latitude band betweehN2@o

text). 45° N with a total of 380 scans, about 3—6 scans per orbit.
Sunset in June occurred over the equatdiS¥o 10 N) with
115total scans, 2—4 per orbit. The June data is sparser due to
at 298 K are scaled to a temperature of 23@Xphal etal.  OS|RIS observing in so-called “strat-meso” mode in which
2003. Other species included in the spectral fit are 0zonejjmp scans extended up to 110km (as opposed to the typi-
(221K) (Bogumil et al, 2003, NO; (202K) (Vandaele et  ca| 70 km). All NO; SCDs were interpolated onto a standard
al, 1998, O4 (Belgian Institute for Space Aeronomiyitp:  tangent height grid and grouped inté $ZA bins between
Ilwww.aeronomie.be/spectrolab/o2.htrand HO (see be-  91° and 97 using the SZA at the tangent point. Due to the
low). Rayleigh, tilt/undersamplingS{oris et al, 2003 and  rapjd variation of N@ with SZA, and recognizing that SZA
pOlarization MCLinden et al,. 2002@ pseUdO'absorberS were Changes by 0%5to 0.8 over the course of a scan, each tan-
also included. A second-order closure polynomial was usegyent height observation was sorted according to its particular
and no correction for the Ring effect was performed as it hassza (as opposed to the representative SZA assigned to the
only a small effect in this region. entire scan). Thus, observations from a given scan often span
Water vapour cross-sections at 10hPa and 243K werewo SZA bins. Only scans in which the minimum in radiance

derived using line parameters from HITRAN 2003 in a signal-to-noise ratio between 10-45 km in the fitting window
line-by-line code (Y. Rochon, personal communication) andexceeded 10 were processed.

smoothed to the resolution of OSIRIS. It was found thatin-  The mean N@ SCDs in each bin are shown in Fig.
cluding additional HO cross-sections at other pressures andduring sunrise and sunset. At a SZA of°98uring sunrise
temperatures, or a pseudo-absorber for th® kemperature  NOz abundances are near their night-time levels but once the
dependenceAliwell and Jones199§, had little impact and  sun rises, initially in the upper stratosphere, there is rapid de-
so were not included. This is likely due to a very small con- struction via photolysis. This destruction progresses down-
tribution from multiple-scattered and surface-reflected lightward as the sun rises further. At a SZA of"@Bere is only
that has sampled the water-rich troposphere. a small amount of N@remaining near 12 km and at a SZA

A representative spectral fit is shown in F&y. The two  of 92° the SCDs do not differ significantly from zero. Dur-
largest NQ absorption features at 623 and 662 nm are clearing sunset there is essentially no pl@ntil a SZA of 94,
Based on the fitting residuals it is estimated that the detectionvhere it begins to form after the sun has set in the lower
limit is <5x103cm~2 for SZAs of 95 and smaller and  stratosphere. The peak SCD in the sunset data occurs lower
1x 10 cm~2 for larger SZAs. A section of the spectra near than for sunrise, consistent with the model results in Eig.
630 nm was excluded from the fit since it contains a combi-At sunrise there is insufficient signal to obtain SCDs at a SZA
nation of the red-line of atomic oxygen and the-& band,  of 97°. Due to the different scattering angles between sun-
complex spectral features not easily accounted for in the fitrise and sunset there is a factor of 3-5 smaller signal during
ting procedure. sunrise as compared to sunset at a SZA 6f 97

In this study two periods of OSIRIS data were ana- Note that significant SCDs exist at tangent heights in
lyzed: (i) 1-21 December 2003 covering 94 orbits and (ii) which the Sun is below the local horizon. For exam-
6 June—3 July 2004 covering 150 orbits. Sunrise in the Deple, at 22 km sunset/sunrise occurs at a SZA of abofit 95
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Fig. 4. Standard deviations of OSIRIS N@pparent slant column Fig. 5. Modellgd NG apparent slant column densities as a function
densities as a function of tangent altitude {aj sunrise over 1— of tangent altitude fo(a) sunrise on 15 December (38)) and(b)

21 December 2003 (20-28l) and (b) sunset over 6 June—3 July _sun_set on 15 June {M). The scale has been chosen to match that
2004 (3 S-10 N). in Fig. 3.

This absorption signal arises from light scattered into thevanaﬂon of NG with SZA the vertical grid in VECTOR was

; : set to 0.5km. Spectra were generated at 0.1 nm resolution
L n the far si f th ngen int where the SZA _ . '
OS on the far side of the tangent point where the S Stsmoothed to OSIRIS resolution, and then a spectral fit was

are smaller (and hence experience direct illumination) tha _ .
( b ) applied, analogous to the analysis of the OSIRIS spectra. In

then traverses the Nfabundant air on the near side of the this way representative synthetic SCDs are generated for the
tangent point. It is the range of SZAs along a LOS that ef- . .
gent pol I 9 g two periods: 15 December, 38l at sunrise and 15 June,

fectively smoothes the variation of SCD with tangent height, . i
y g 9 0° N at sunset. Each set of calculations was performed using

even when the local terminator s crossed. the mean scattering angle (or, angle between the incoming
The standard deviations (STDs) about the NSCD solar beam and the observing LOS) for that period and lati-

means are shown n Fig. The sunrise STDs (panel a). A€ tude and over a range of SZAs. Note that neither VECTOR
found to increase with SZA (and mean SCD). The primary : .
nor the photochemical box model account for refraction.

reason for these large values is believed to be the temper- Results from the N SCD simulations are presented in

ature dependence of Reactiofi®l] and R3). Differences . :
. . : Fig. 5 for sunrise and sunset and are analogous to the ob-
in temperature at the different scan locations lead a large

separation in the N@abundances throughout the night. This servations plotted in Fig3. In general the simulated val-

o ues are similar to the observations. However, there appear
is discussed further below. The sunset STDs (panel b) aré “be some differences in the decay of Nefter sunrisepp

smal!er and vary less with SZA although thgy are St'”. a SUb'with the modeled SCDs leading the observations by about
stantial fraction of the mean SCDs. Considering this large . . :

oo 2 0-0.5 with the largest differences in the upper stratosphere.
source of natural variability it is concluded that the STD is
not a good measure of the precision of an individual SCDT.he. modeled sunset and observed SCDs are found to be very

) similar at the larger SZAs, 96—9,7/but at 94-95 the model
profile. ! . . .
calculations seem to be leading the observations. Possible

reasons for these inconsistencies include neglecting refrac-
tion in the model, an inconsistent atmosphere (particularly
ozone and temperature), or erroneous rate constants. Con-
sidering these caveats, the magnitude and behaviour with
SZA appear generally consistent between the modeled and
observed SCDs. Additional work, including the incorpora-
Yion of refraction into the models, is required to better under-
stand these differences.

3 Modelling of NO3 slant column densities

While the observations presented in R3gappear to be qual-
itatively consistent with our knowledge of N(the question
remains: are they quantitatively consistent? To address thi
NO3 SCDs are forward-modelled using the VECTOR (Vec-
tor Order-of-scattering Radiative Transfer) modelc(in-
den et al. 2002a 200§. VECTOR is coupled to the UCI
photochemical box model and takes into account the so4 Case study: successive orbits on 7 December 2003
called diurnal effect (or, the variation of a diurnally varying

species such as NGalong the LOS with SZA)NicLinden Scans from successive orbits on 7 December 2003 are exam-
et al, 2006. The box model used a climatological atmo- ined in greater detail. The N{OSCDs from these orbits are
sphere for the specified month and latitubc(inden et al, found to differ dramatically, sometimes by a factor of 3 or
2000 and reaction rate data from the JPL 2006 compendiunmore. Two scans, one from each orbit, are shown in €ig.
(Sander et al2006. In order to adequately capture the rapid (panel a) along with their uncertainties. Note the uncertainty,

Atmos. Chem. Phys., 8, 5528534 2008 www.atmos-chem-phys.net/8/5529/2008/
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as determined from the spectral fitting, sl x 1014 cm—2 pr—
and is much smaller than the signals. These two scans were . >
taken at nearly identical latitudes (4R) and SZAs (95.9)

and separated in longitude by 24 Scan 1 (orbit 15179,
scan 021) SCDs are10x 10" cm~2 larger than scan 2 (or-
bit 15180, scan 021) below 35km, but are smaller above
38km. The primary cause of this is thought to be the dif- "z}
ference in local temperature at the location of each scan. .t

The temperature difference, from ECMWF reanalysis data, | 2 .\ . » ‘ ——

is shown in Fig.6 (panel b) where, between 30 and 40KM,  gucoum deny qoton?  Temperature Difrence (9 umber bensiy (10 e
scan 1 temperatures are warmer above 25km, with the tem-

perature difference reaching a maximum of 20K at 35 km.

Reactions R1) and R3) are very temperature dependent, Fig. 6. Comparison of two scans for consegutive orbits on 7 De-
with warmer temperature favouring increased f\@nd a cember 2003 (scan 1: scan 15179021 gt latitude®°39.8nd SZA
15K increase in temperature amounts to a factor-afin- of 95.5°; scan 2: scan 15180021 at latitude 40NDand SZA of

. . . 95.6°): (a) NOg slant column densities, including their uncertainty
crease in the rate coefficient for reactidrilf (Sander et al. from the spectral fitb) the difference between the scan 1 and scan 2

2009. The tangent height at which scan 1 becomgs large=cpwe temperature profiles, T(scan 1)-T(scan(€) box model
than scan 2~38km, can be compared to the altitude at gjmy|ations of NG for 7 December at 40N and a SZA of 95.5

which the temperature (at the tangent point) of scan 1 benitialized using scan 1 (f) and scan 2 (J) temperature profiles.

comes larger;~42 km. Considering that temperature is a lo-

cal quantity while SCDs are non-local, the SCDs appear at

least qualitatively consistent with the temperature profiles.

Likely adding to the differences are the20% larger ozone ) .

SCDs in scan 1 (not shown) via Reactidi. The fact that ~Model with coupled photochemistry. A case study compar-

the difference in SCD remains constant into the lower strato"9 tWo SCD profiles shows the important role temperature

sphere reflects the fact that much of the absorption occurs if2Ys in the abundance of NOThe results indicate that our

the upper stratosphere even at lower tangent heights. Abov‘éfJrrent kpowledge of N@photqchemlstry '_S generglly C‘?”'

42 km scan 1 is colder, roughly corresponding to the the alii-sistent Wlt'h QSIRIS observathns to within the limitations

tudes where scan 1 displays smaller SCDs. of the radiative transfer modelm_g. Furt_h_er, they show that
To add support to the assertion that the temperature di1‘fer9SIRIS POSSESSES S|gnal-to-n0|§e sufficient to make useful

ences are primarily responsible for the difference in SCDS,measurements of scattered sunllg_ht. .OUt to SZ.AS. of %_.97

box model simulations were carried out using the ECMWF and furthermore suggests the possibility of retrieving vertical

temperature profiles from the locations of these scans with aIPrOfIIeS of NG number density and other absorbers (such as

other input parameters identical. The resultantsNOmber N(I)_Z) a_‘t tTesetIar?e SZA; \sis of th data is to at
density profiles are shown in Fig.(panel c). Densities us- ogical next steps in the analysis of these data Is 1o at-

ing the temperature for scan 1 are 3-4 times larger at 35 kmiempt the retrieval of profiles and to test the consistency of

; - : OSIRIS NG by finding coincidences with SCIAMACHY,
suggesting the larger SCDs are indeed feasible. ) '
The relatively small uncertainties and the overall consis-COMOS, and/or SAGE Il occultation measurements. The

tent picture from these scans suggest that individual Scangrimgry obstacle in either approa(_:h lies in the st_eep diur_nal
possess sufficient signal-to-noise to derive NECDs and gradients along the LOS. As there is only enough information
that co-adding of spectra is not necessary in a limb scan to retrieve a single profile (i.e. at one SZA), a

photochemical model is required to map the Ni@gbm the
SZA at the tangent point to all other SZAs along the LOS.
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5 Conclusions
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