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Abstract. A reaction rate associated with the nighttime for- of N2>Os then proceeds steadily during darkness hours via a
mation of an important diurnally varying species; @4, is two step process involving ReactioriRZ) and R3), where
determined from MIPAS-ENVISAT. During the day, pho- Reaction R2) is the rate limiting step. The main loss pro-
tolysis of NbOs in the stratosphere contributes to nitrogen- cess at night is the thermal decomposition @y, which
catalysed ozone destruction. However, at night concentrais the reverse of the three-body Reaction®8); This pro-
tions of NbOs increase, temporarily sequestering reactive cess is highly temperature dependent with a time constant
NOx (NO and NQ) in a natural cycle which regulates the of around 3 months at 220 K decreasing to around 30 min at
majority of stratospheric ozone. In this paper, the reaction270 K (Atkinson et al, 2004).

rate controlling the formation of pOs is determined from Formation of NOs is suppressed during the day due to
this instrument for the first time. The observed reaction ratethe rapid photolysis of N@ After sunrise, concentrations of

is compared to the currently accepted rate determined froniN,Os decrease steadily during daylight hours due to photol-
laboratory measurements. Good agreement is obtained besis by UV radiation in the range 200-400 nm

tween the observed and accepted experimental reaction rates
within the error bars. N20s+hv —> NOz+NO3 (R4)

where the rate of photolysis depends strongly on the so-
lar zenith angle and the amount of shielding by the over-
head ozone column. Loss through thermal decomposition is
also ongoing and becomes more important with altitude but
is over 10 times slower than the photolytic decay at 40 km
and over 100 times slower at 30 ki@¢nnell and Johnston

1 Introduction

The importance of BOs arises mainly from its role as a
temporary reservoir for reactive N@NO and NQ) which
catalyse the main ozone-destroying cycles in the strato-
sphere Crutzen 1970. Concentrations of pDs increase at 1979.

phe ¢ n 9. -0 of BLs Increase A study by Nevison et al.(1996 assessed the effect of
night and decrease during the day thereby exerting a regulat- . ' . . -
o . reactions involving CION@and HNG; on diurnal variations
ing influence on the rate of ozone destruction throughout the

; in NOy. At night, the reaction
extra-polar stratosphere. The formation gf®4 proceeds at X 9

night via the following reactions CIO+NOy+M —s CIONO, + M (R5)
NO+0s 7 NO2+0, (R1) is important in the lower stratosphere and tends to increase
NOs 4+ 03 — NO3+ 0o (R2) the sunset/sunrise N@atio. The following reaction which
NO2+NO3+M —> N2Os+ M (R3)  occurs on the surface of aerosols
whereM is any molecule. At sunset, almost all NO is con- N20s+H20 — 2HNOs (R6)

verted rapidly into NQ via Reaction R1). The formation is also important in the lower stratosphere where the aerosol

loading is highest. However, they state that reactions involv-
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2 Previous measurements considering 465 stellar occultationgérchand et a).2004).
The GOMOS measurements of N@nd ozone were assimi-

The main aim of this study is to determine the reactionlated into a photochemical scheme to provide an estimate of
rate controlling the nighttime formation of s in Reac-  the NO; concentration which was compared against the mea-
tion (R2) using measurements from the Michelson Interfer- sured value for that species. This provided a quantitative test
ometer for Passive Atmospheric Sounding (MIPAS) on boardof the understanding of stratospheric NEhemistry as well
the Environmental Satellite (ENVISAT). While reaction rates as a test for the self-consistency of the GOMOS measure-
can be measured in the laboratory, it is always useful to verments. Differences between the analysed and measurgd NO
ify that they apply in the real atmosphere, particularly given were found to be small which suggested that the nighttime
that the low temperatures and pressures encountered in theO, chemistry was well characterised.
stratosphere are difficult to reproduce in a laboratory envi- |n another study using the GOMOS instrument, strato-
ronment. Although localised studies have been performedpheric temperature was retrieved using measurements of
from ground-based or balloon-based experiments, there arRO; and ozone using knowledge of the temperature depen-
few examples of space-based measurements of reaction ratggéncy of ReactionR2) (Marchand et a).2007). Compar-
controlling diurnal NQ chemistry due to the difficulty of fol-  isons of the retrieved temperature against ECMWF tempera-
lowing reactions directly from an orbiting platform. tures suggested that the rate of React®®) @greed with the

Highly inclined orbits which precess on a short time scale accepted reaction rate determined from laboratory measure-
are preferred, as the entire diurnal cycle can be observed ovenents.
a period of days, which allows the diurnal component of vari- The High Resolution Dynamics Limb Sounder (HIRDLS)
ation to be separated from any longer-term seasonal changegn board Aura was originally intended to measurgObl
and for reaction rates to be fitted directly to the observa-However, due to calibration issues arising from a dislodged
tions. The chemistry suite on board the Upper Atmospherepjece of Kapton insulation, which almost completely blocked
Research Satellite (UARS) launched in 1991 allowed the dithe field-of-view, NOs has not yet been used extensively
urnal NG, cycle to be observed directly from space from a from this instrument.
precessing orbit which sampled the diurnal cycle on the time The Atmospheric Chemistry Experiment (ACE) Fourier
scale of around one month. Two of the atmospheric chem-=Transform Spectrometer (FTS) on board SCISAT-1, which
istry instruments on board: the Cryogenic Limb Array Etalon yworks by solar occultation, is able to measure NiGom
Spectrometer (CLAES) and the Improved Stratospheric andpace. To our knowledge, however, these measurements have

Mesospheric Sounder (ISAMS), were used to investigate theg far not been used to determine reaction rates associated
diurnal NG cycle Kumer et al, 1996 Smith et al, 1996. with the diurnal NQ cycle.

Although these measurements were able to confirm theoreti- |, this paper, the rate of ReactioRZ) which regulates the

cal predictions about the qualitative behaviour of the diurnalpy|k of ozone destruction in the stratosphetdldn et al,

NOy cycle, the accuracy of the data did not allow for con- 199 is determined using data from MIPAS-ENVISAT. The
firmation of the value of key parameters controlling its be- yaaction rate as observed using MIPAS is compared against
haviour, in particular the reaction rates controlling the night- the accepted rate determined from laboratory measurements.
time formation of NOs and the rate of photolysis ofAs.  Tne characteristics of the MIPAS instrument are described
This was due in part to the eruption of Mount Pinatubo injn sect.3, and the retrievals of chemical species required
1991 which led to the formation of large amounts of sul- 1o determine the reaction rate are described in Seciin
phate aerosol in the stratosphere. This added to the inhererfect 5, the currently accepted laboratory measurements are
problem of distinguishing the weak, continuum-like signal jntroduced and a method to determine the reaction rate us-
of N2Os from unknown spectral offsets, and so hindered at-jng MIPAS is described. The temperature dependence of the

tempts to fully characterise gaseous phase Ni@mistry. observed reaction rate is determined in S6c2. Then in
The earliest space-based tests of the parameters used &.ct.6.3 the seasonal effects on the observed reaction rate
model the diurnal NQcycle were performed bgllen etal.  gre examined.

(1990 using a limited number of solar occulation measure-

ments during the Atmospheric Trace Molecule Spectroscopy

(ATMOS) experiment on board Spacelab 3. This was a3 MIPAS-ENVISAT

shuttle-based experiment which used measurements of the

NO/NG; ratio at sunrise and sunset to evaluate the temperMIPAS-ENVISAT is a high spectral resolution limb-viewing

ature dependent rate of Reactid®2f. They concluded that Fourier transform spectrometer, measuring thermal emis-

the reaction rate was properly parameterised in current modsion in five spectral bands (A 685-970th AB 1020-

els. 1170cnt!; B 1215-1500cm?; C 1570-1750cm’; D
Stratospheric NQ chemistry was also tested from space 1820—-2410 cm?). The instrument sits in a sun-synchronous

more recently using the Global Ozone Monitoring by Oc- polar orbit and provides global coverage each day. From

cultation of Stars (GOMOQOS) instrument on board ENVISAT July 2002 until March 2004 the instrument operated in its
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full spectral resolution mode (0.0250 ch spectral sam-  tangent altitude helping to separate the two contributions. A
pling) with scans spaced by approximatehiilatitude each  similar approach was adopted in the retrieval ofy from
consisting of 17 spectra acquired at altitudes between 6 anMIPAS-ENVISAT by Mengistu Tsidu et al2004).
68 km. In late March 2004, problems developed in the inter- The total error budget in the mid-stratosphere for tangent
ferometer drive mechanism and the instrument was switchediltitudes of 33, 36, and 39 km was calculated for tempera-
off for several months. Several new measurement modesure, NG, N,Os, and ozone considering a single profile for a
were introduced in January 2005 using a reduced spectradtandard atmosphere. The random error was calculated con-
resolution and finer vertical measurement grid. In this study,sidering the propagation of instrument noise through the re-
the analysis has been limited to the full resolution dataset irtrieval. The systematic error was computed considering the
order to avoid complications due to systematic differencessum of estimatedd. errors on parameters subject to uncer-
between the various measurement modes that are not fullyainty within the retrieval including temperature and pressure
characterised. retrieval errors, variability in interfering species, instrument
calibration uncertainties, the horizontal temperature gradient,
and uncertainties in the spectroscopic database. The total er-
4 Retrievals ror was then computed by combining the random and sys-
tematic components in quadrature. Details of these calcula-
Retrievals of NOs, NO,, ozone and temperature were per- tions can be found ibudhia et al.(2002. The total error
formed using the MIPAS Orbital Retrieval using Sequen- budget in this altitude range was found to be 1.7-1.9K for
tial Estimation (MORSE) algorithmOudhia 2008 with  temperature, 7.2-13.9 % for N(O7.5-17.1 % for NOs, and
MIPAS version 4.61/4.62 full resolution level 1b spectra. 9.0-10.0 % for ozone. Significant averaging of the data is
Spectroscopic data was derived from the HITRAN spec-performed in this study and so the random component can be
troscopic databasé&Rpthman et al.1998 Flaud and Carli  ignored leaving the systematic component which was found
2003 which includes infrared absorption cross-section datato account for 0.9—1.2 K for temperature, 5.4-8.0 % for,NO
for N2Os (Cantrell et al. 1988. The MORSE retrieval uses 4.4-7.4 % for NOs, and 4.4—7.0 % for ozone.
optimal estimationRodgers2000Q which includes prior in-
formation about the expected profile to constrain the re-
trieved values. The a priori volume mixing ratio (VMR) pro- 5 Determination of the reaction rate
files were derived from a climatological database and do not
include the diurnal variatiorRemedios et 8l2007). Toen- 5.1 Laboratory measurements
sure that the influence of the a priori estimate was acceptably
small, retrieved values with an a priori contribution of greater The recommended rate of Reacti®®{ used in stratospheric
than 50 % were removed from the analysis. Cloud contam-hemical modelling is calculated using the Arrhenius expres-
inated spectra were identified using the methodSpang  sion for 2nd order reactions given by
et al. (2004 and were discarded. In the retrieval of each tar-
get species, a sequential retrieval of interfering species VM
was performed beforehand for each spectrum in order o
greatest contribution to radiance. The spectral regions used
to retrieve each target species in a given altitude range ar&here k is in units of cnf moleculels™1, A is the Ar-
shown in Fig.1. These regions were chosen to minimise ran-rhenius factor,7T is kinetic temperaturef is the activa-
dom and systematic errors in the retrieved state as describettbn energy andR is the molar gas constant. As sum-
in Dudhia et al(2002. marised in the JPL recommendations DeMore et al.
Retrievals of NOs were performed using the;> band (1997, the preferred values for the Arrhenius factar £
centred on 1246 cnt. The retrieval of NOs is complicated  1.2x 1013 cm? molecule ! s~1) and temperature coefficient
by its weak, continuum-like spectral signature which is dif- (E/R &+ (AE/R) = 24504+ 150 K) are derived from a least
ficult to distinguish from the spectrally flat background con- squares fit of results from laboratory studiesgvis et al.
tinuum arising from unknown contributions due to cloud and (1974, Graham and Johnstqi974), andHuie and Herron
aerosol, unmodelled contributions from interfering species,(1974, which were found to be in excellent agreement in
and uncertainties in instrumental effects. A higher cloud in-the temperature range examined between 231 and 362K, as
dex of 4 was therefore used to minimise the effect of thewell as with room temperature measurementsdmx and
background continuum as much as possible. To separat€oker (1983, see Tablel. The reaction rate derived from
the N;Os signal from the remaining background continuum, these studies and cited DeMore et al.(1997) is recom-
spectral points were included on the edge of th®Nvi2 mended for use at temperatures between 200-300 K. How-
band where radiance can mostly be attributed to the backever, the reaction rate has not yet been verified at tempera-
ground continuum rather than,Rs. A joint retrieval of  tures below around 230 K which are commonly observed in
N2Os and a continuum term was then performed at eachthe lower stratosphere. DeMore et al(1997), the error on

(T)=A exp(}?—i) 1)
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Fig. 1. Top panel shows the spectral regions used to retriex@sNn red, NG, in green and ozone in blue. Grey shaded area in the top
panel shows the spectral coverage of MIPAS-ENVISAT. Bottom panel shows the contribution to modelled limb radiance at 30 km for each
species for a standard atmosphere. Contribution of other molecules (mainly water vapourArsth@ in grey.

the Arrhenius estimate of the reaction rate due to experimenwherer is the number of hours since sunset of the observa-

tal uncertainties may be calculated as tion, [N2Os], [NO2] and [Os] are the observed nighttime vol-
AE /1 1 ume mixing ratios of those species in ppmv, and]set

f(T)= f(298)exp(— <_ — _>> (2) is the sunset concentratiofiaumi et al, 1991). This esti-
R \T 298 mate will be denotedpsto distinguish it from the standard

where (298 = 1.15 and f(T) is a multiplicative factor ~ Vvalue of the reaction rate determined using the Arrhenius
which gives the upper and lower boundskoforresponding ~ €quation. This approach has the advantage of providing an

approximately to one standard deviation. estimate of the reaction rate for a single set of measurements
without the need to track diurnal changes, which is suited
5.2 Observed values to the limited sampling provided in a sun-synchronous or-

bit. All quantities in Eq. 8) can be measured directly using
The aim of this study is to compare the recommended value pas except the sunset concentration of04. The con-
of the reaction rate given by the Arrhenius equation againsgentration of NOs remaining at sunset is usually negligible
an estimate derived from MIPAS-ENVISAT measurementsexcept at high latitudes in the winter months, where the short
which does not depend on any of the laboratory-determinejays and high solar zenith angle result in weak photolysis of
parameters used in EqL)( This provides useful evidence in N»Os. In these situations, theJDs at sunset may be cal-
support of the laboratory work, as well as providing an in- cylated using the measured daytime concentration@sN
dication of how well the recommended expression performsyjith photolysis rates derived from the Tropospheric Ultravi-
at the very low temperatures in the stratosphere which arget and Visible Radiation Model (TUV)\adronich 2006
difficult to reproduce in the laboratory. The reaction rate (in to extrapolate to the sunset value. At lower latitudes and in

units of ppmv * h~%, where ppmv is the volume mixing ratio - summertime at high latitudes, the residual at sunset is very
|n partS per m|”|0n) may be de“ved from MIPAS-ENVISAT Close to zero and can be neg|ected

measurements using the following expression ) i i o
The main assumptions behind the derivation of Bj. (

Kobs = 1 |n<2A[N205] l); 3) have already been investigat_ed in some detail\lm)wison_
2[Og]t [NO2] et al. (1999 through comparisons against photochemical
A[N205] =[N205] — [N2O5]set models. These assumptions are that the concentration of

Atmos. Chem. Phys., 11, 4864872 2011 www.atmos-chem-phys.net/11/4861/2011/
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Table 1. Table summarising main laboratory measurements of Read®ggfven by NQ+03—k> NO3+0, adapted fromAtkinson et al.
(2009. The recommended value bfin DeMore et al(1997) is based on a least squares fit analysis of the data presented in the first three
studies listed below.

kicm® molecule1s—1 Temp/K  Reference

9.76x 10~ 14exp —(2427+140/T] 260-343 Davis et al(1974

1.34x 10 18exp—(2466+30)/T]  231-298 Graham and Johnstd974
157x 10~ 18exp—(2509+ 76)/T]  259-362 Huie and Herro{1974
(3.78+£0.07) x 10717 297 Cox and Coke(1983
(3.45+0.12) x 10717 296
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Fig. 2. Seasonal variation in time since sunset of MIPAS-ENVISAT nighttime observations. Arrows indicate sample days used to compute
the reaction rate (9 July 2002, 23 August 2002, 21 September 2002, 21 October 2002, 22 November 2002, 21 December 2002, 21 Jan:
uary 2003, 23 February 2003, 22 March 2003, 22 April 2003, 23 May 2003, 22 June 2003, 22 July 2003, 22 August 2003, 22 Septem-
ber 2003, 22 October 2003, 22 November 2003, 22 December 2003, 22 January 2004, 22 February 2004, 22 March 2004). Red colours
indicate summertime observations furthest from sunset. Blue colours indicate wintertime observations closest to sunset. White areas indicate
where data was unavailable.

ozone remains constant over the course of the night, thateservoirs HN@ and CIONQ can also be ignored in many
thermal decomposition of #0s is negligible, that concen- circumstances. In the same study Kgvison et al (1996,
trations of N@Q are in a steady state throughout the night, comparisons against the 2-D chemical-radiative-dynamical
and that losses of Nfto the longer-lived reservoirs HNO  model byGarcia and Solomo(1994) indicated that the for-
and CIONQ can be ignored. Using a 1-D model of reactive mation of HNG and CIONG over the course of the night
nitrogen chemistry with 12 relevant reactiohigvison etal.  was only significant below around 35km. Overall, their
(1996 concluded that thermal decomposition of®§ was  study suggests thatps can be used to provide an estimate
not significant below 40 km. This is confirmed by inspection of the reaction rate in the mid-stratosphere where thermal
of Figs.5 and6, which show the time constant for the ther- decomposition of MOs, loss of NQ to CIONO,, and het-
mal decomposition of pDs and the observed stratospheric erogeneous loss to HN@an be ignored. Therefore, in this
temperature respectively. The time constant is much longestudy the determination of the reaction rate using Bjjig
than the diurnal time scale in most cases and so can reasofimited to mid-stratospheric measurements at nominal tan-
ably be ignored. In addition, loss of N@o the longer-lived  gent altitudes of 33, 36 and 39 km.

www.atmos-chem-phys.net/11/4861/2011/ Atmos. Chem. Phys., 11, 48622011
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Fig. 3. Top panel shows the measured nighttime concentrations ofa&@ ozone binned by hour since sunset if litude bands where
50-40 S is shown in red, 40-3G in light green, 30-20S in dark blue, 20-10S in yellow, 10-0 S in pink, 0-10 N in light blue, 10—

20° N in maroon, 20—-30N in dark green, 30—40N in navy blue, and 40-5(ON in grey. In the bottom panel, latitude bands are coloured
as in top panel. The filled squares show the measured nighttime concentratiog@patNhe given time since sunset (upper axis) for the
given bin. The empty squares show thgd¢ concentration at sunset (lower axis) modelled using the TUV for the given latitude bin. Error

bars indicate error in mean.

extra-polar latitudes in the stratosphere. FigBishows the
nighttime retrieved values of XDs5, NO,, and ozone at 33,
Although an estimate of the reaction raggscan be obtained 36 and 39 km binned in Pdatitude bands by time since sun-
using a single set of measurements using Bj.ifcluding  set of the observation grouped by hour. The estimated sunset
many measurements at different times of year and at differconcentrations of BOs corresponding to the measurements
ent latitudes allows a better comparisonkggs against the  in each bin are also shown. These sunset values were cal-
accepted reaction rate In this way a wide range of strato- culated using the daytime measurements gOin Fig. 4
spheric temperatures may be examined in the calculation ofvith photolysis rates derived from the TUV considering the
the reaction rate. In a sun-synchronous orbit, higher latitudesneasured overhead ozone column to extrapolate the expected
have a greater spread in the time since sunset of nighttimeoncentration of NOgs remaining at sunset. FiguBeshows
measurements over the changing seasons, with summertimae nighttime evolution of the components of N&cross the
measurements that are close to sunset and wintertime megeasons, with summertime measurements corresponding to
surements that are much later at night, as shown inZigy observations that are close to sunset and wintertime measure-
examining measurements obtained in all seasons at differenhents corresponding to observations that are later at night.
points during the diurnal cycle, it is possible to separate sSit-|t is not possible to attempt to fit the reaction rate control-
uations where the assumptions behind Bjjafe thoughtto  ling the formation of NOs to the data points directly due to

be good from those situations where the estimates may behe underlying seasonal variations, in particular temperature,
less reliable. that are unaccounted for.

6 Results

6.1 Overview of data 6.2 Temperature dependence of the reaction rate

The analysis of the reaction rate is performed using zondnstead, in Figs7-9, the temperature dependence of the re-
ally averaged data which assumes that the aspects controkction ratek computed using the Arrhenius expression in
ling the diurnal cycle such as stratospheric temperature anéq. (1) is examined in comparison with the MIPAS obser-
rate of photolytic decay of pOs have much stronger latitu- vations of the reaction ratk,s calculated using Eq.3f in

dinal than longitudinal dependencies, which is reasonable ab K temperature bins allowing for a possible non-negligible

Atmos. Chem. Phys., 11, 4864872 2011 www.atmos-chem-phys.net/11/4861/2011/
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Fig. 4. Top panel shows the measured daytime concentrations gfe@ozone binned by hour from sunset iff 1dtitude bands where 50—

40° S is shown in red, 40-33 in light green, 30—-20S in dark blue, 20—10S in yellow, 10-0 S in pink, 0-10 N in light blue, 10-20 N

in maroon, 20-3®N in dark green, 30—40N in navy blue, and 40-5(N in grey. Bottom panel shows the measured daytime concentrations

of N2Osg binned in the same way. These measurements were used to initialise the photolysis calculations to calculate the sunset values of
N>Os using the TUV. The calculated sunset values are shown in the bottom panel 8f Eigor bars indicate error in mean.

sunset NOs concentration. Théypsestimates follow the ex- Ther maI deCOI’npOSI tl on
pected exponential temperature dependence well, and there is 10000.0 E
qualitative agreement with the JPL recommendation within i

the estimated error in almost all cases examined. A devi- 1000 O; |
ation of kgps below k is seen at all altitudes for tempera- T

tures above 250K, as this is where thermal decomposition

of N»Os, which was neglected in the formulation of Eg),( ® 100.0+ E
becomes significant in comparison to the time elapsed since =

sunset of the observation. Ignoring thermal decomposition of @ 10.0t i
N2Os means that the anticipated increase in nighttin© = i ]
is faster that that observed, and so a lowgys is ascribed [

to the measurements. However, there appears to be good 1.0+ 4
agreement at all altitudes for temperatures between 220 and :

250K. At low temperatures, there is agreement down to tem- 01l .. .. .

peratures in the 210-215K bin at 33 km and down to tem-

peratures in the 205-210K bin at 36 km, providing obser- 200 220 2Z_l|_0[ KZ]GO 280 300

vational evidence in support of the reaction rate at the low

end of the recommended rangeDeMore et al(1997). The

comparison is made more quantitative by fitting an expo-Fig. 5. Time constant of thermal decomposition of®k (reverse of
nential relationship to the MIPAS observations of the reac-ReactionR3) versus temperature at 33 (shown in black), 36 (shown
tion rate. The Arrhenius factorA) and temperature coef- in grey) and 39 km (shown in blue) altitude calculated considering
ficient (E£/R) were determined by a best fit to the data in suitable climatological molecular densities at each altitude.

the least squares sense. Observations of the reaction rate at

temperatures above 250K were not included in the fit be-

cause of the effects of thermal decomposition that were not
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Fig. 7. Temperature dependence of reaction rate at 33 km using

2A[NLO - , -
Fig. 6. Stratospheric temperature observed by MIPAS at 33, 36Kobs= 2[03]1‘ In( No2 ]5] Tl) in Eq. (3) assuming possible non-

and 39 km binned by hour since sunset ift ititude bands where negligible [N;Os] at sunset binned in 5K temperature increments
50-40 S is shown in red, 40-33 in light green, 30-20S in dark in 10° latitude bands where 50-28 is shown in red, 40-3( in
blue, 20-10 S in yellow, 10-0 S in pink, 0-10 N in light blue, light green, 30-20S in dark blue, 20-10S in yellow, 10-0 S in
10-20 N in maroon, 20-3®N in dark green, 30—-40N in navy pink, 0-1C N in light blue, 10-20 N in maroon, 20-30N in dark
blue, and 40-50N in grey. Error bars indicate error in mean. green, 30—49N in navy blue, and 40-5N in grey. The solid grey
line shows the best fit to this data and the dashed grey line shows the
estimated b error of the fit. This estimate is compared against the
accounted for. The best fit curves are shown in Fig€. temperature dependence computed using the Arrhenius expression
Within the temperature range examined the observed reads(T) = A exp(;—?) in Eg. (1) which is shown as a solid black line
tion rate agrees with the JPL recommendation within the eswith the estimated & error indicated as a dot-dashed black line.
timated b error. The fitted Arrhenius parameters from ob-
servations at 33, 36, and 39km are listed in TahleThe 36 km
reaction rate considering the best fit parameters at 245K is

also shown. Thed errors for the reaction rate were com- _'._' 101 50S:40S |
puted assuming the errors in the fitted parameterand m"’ i 303208 |
E/R could be combined linearly. The overall best fit es- c 8 : .
timate of k at 245K computed combining all estimates is O 1050
then given by(5.340.6) x 108 cm3moleculets1. The o 6 JON:20N 1
value ofk at 245K derived from the JPL recommendation is =] I 30N:40N
(5.4713) x 10-*8cm® molecule * s71, where the estimated o) , 40N:50N |
1o errors are computed using E®) (The observational es- © 4 . ]
timate of the reaction rate is therefore in agreement with the E, I
JPL recommendation at stratospheric temperatures within % 2 StdDev |
the errors. =] .

< 07 ‘ a 1 StdDev |
6.3 The reaction rate by season 200 220 2 40 260 280 300
In Figs. 10-12, the reaction ratéqps at 33, 36, and 39 km Temperature [K]

is presented grouped by latitude and time since sunset of the

observation, so that measurements taken at the same time Bfg. 8. As in Fig.7 but at 36 km.

year and latitude are grouped together, allowing situations

where the underlying assumptions in the calculatiohgp§

are thought to be good to be separated from those situations As expected, the reaction rate is higher in the warmer sum-

where the assumption may be less reliable. The observeghertime atmosphere, corresponding to measurements a long
temperature corresponding to each estimate of the reactiofime after sunset and conversely, the reaction rate is slower
rate is shown in Fig6. in the colder wintertime atmosphere. To aid the analysis of
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Table 2. Table summarising the MIPAS observationskoin comparison to the JPL recommendation for ReacR@(NO, + O3 LN
NO3+ 0O»). The values for the pre-exponential paramet€y énd the activation temperatur€ (R) are derived from the data shown in
Figs.7-9 at 33, 36 and 39 km. The value of the reaction rate at 245K is shown for all cases.

Alcm®molecule sl (E/R)YK  Temp/K  kicmPmolecule1s—1 at 245K

JpL 12x 10713 24504150 200-300 (5.4773) x 10718

MIPAS 33km (3.2+0.3)x10713 2708+18  200-250 (5.0+0.5)x 10718
36km (201+2.6)x 10715 2028+30 205-250 (5.1+0.9)x 10718
39km (14.3+2.4)x 10715 1914+38  210-250 (5.8+1.3)x 10718

39 km estimates at 2—4 h from sunset. In these cases, the sunset con-

120 YRy centr.ation is e>'(pected to bg neg[igible. Introducing thg pho-
'‘n i . : ] tolysis calculations results in a slight downwards trend in the

= 10+ 30S:20S reaction rate at 33 and 36 km, which might point to an under-
o r 10S0 estimation of the photolytic decay of®s at these altitudes.

F.'m 8- 10N:20N It has been noted in the past that the photolysis rates are a
= i Z0N:20N 1 source of uncertainty and are still not well tested. Photolysis
8 61 * 40N:50N ] rates which are too fast due to possible problems with the ab-
© 4 i il ] sorption cross-sections or quantum yields were suggested as
E, S e 1 a possible reason for overestimation of the diurnalNg-

e X S P K sper ] cle by the ECHAM5/MESSy1 chemistry climate model with

Q L=l MIPASk ] respect to the IMK/IAA MIPAS measuremenBr(ihl et al,

N MIPASk 1 StdDev | D .

X — —_— 2007). Other authors have concluded that the photolysis of

200 220 240 260 280 300 N2Os may be too slow, as was suggested in a studplisn
Temperature [K] etal.(1990, which compared ATMOS data with photochem-
ical model results. However, the trend seen here depends on
altitude and is less apparent at 39 km, which suggests that it
may be due to the assumption that the ozone column remains
constant over the course of the day, when in fact concen-
the various biases betweég,s andk, estimates okopsare  trations decrease, or that the measured ozone column used

scaled to a temperature of 245K using the Arrhenius equain the photolysis calculations is slightly too high. Overall,

Fig. 9. Asin Fig.7 but at 39 km.

tion however, the inclusion of sunset,®s5 does generally im-
prove agreement between the observed reaction rate and the
K =kobsexp<£ (1 _ i)) (4) recommended rate, removing the upwards trend at long times
obs R\T 245 since sunset. This underlines the difficulty of testing the pho-

tolysis rates due to the various geophysical factors affecting

whereT is the measured stratospheric temperature. the measurement.

There is good agreement betwekj, and the JPL rec-

ommendation for the reaction rate at 245K in Figg-12. The final point to note is the slight upwards trend in ob-
The discrepancies at long times since sunset and small timeserved reaction rates shortly after sunset, especially in the
since sunset between the observed and laboratory reactiocf0-50 N/S latitude bands. This is not related to the photol-
rates can mostly be explained by considering the various asysis calculations since here sunset concentrations are negli-
sumptions behind the observational estimates. The resultgible. Warm stratospheric temperatures mean that the rate of
accounting for a possible non-negligible sunseOilcon-  thermal decomposition of D5 is high. However, the im-
centration are shown in the middle panel of Fij8-12. Re- pact of this approximation should still be small since most
sults assuming that4Os is completely photolysed by night- observations are at temperatures where the thermal decom-
fall and that the sunset concentration is zero are shown irposition is slow compared to the time elapsed since sunset.
the bottom panel of each figure. It is interesting to note For these measurements, the high bias may result from the
that where the sunset concentration ofQN is assumed to  use of an a priori profile which is higher than the values typ-
be zero, there is slightly better agreement between the obically observed under these conditions. As can be seen from
served reaction rate and the recommended rate in the tropFig. 4, the retrieved values of /05 are less than 1 ppbv at
cal latitude bands and in the spring and autumn high latitudeall altitudes examined for these cases. The retrieval of low
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Fig. 10. Seasonal analysis grouped by hour elapsed since sun-
set where top panel showgpsand Arrheniusc (computed for ob-  Fig. 11. As in Fig. 10 but at 36 km.
served atmospheric temperature) binned inla@tude bands where
50-40 S is shown in red, 40-3( in light green, 30-20S in dark
blue, 20-16S in yellow, 10-0 S in pink, 0-10 N in light blue, VMR performed in log-space can also lead to a high bias.
10-20'N in maroon, 20-30N in dark green, 30—40N in navy  Although retrieval in log-space ensures that unphysical nega-

:'“e'sggig'?;?ﬁg' \i/ZISQei)tL W'Z'L‘:g'zsgrr‘:é Ztt ‘ZZ%hKam‘é‘:: fhheO\lsvjn tive values are not retrieved, for species with very low VMR,
ObS - . . . . . . ._
set NbOsg concentration has been estimated using the TUV. Bottomthe assymetry of the a priori distribution can lead to high bi

panel is as in middle panel except sunsgOy concentrations are gsed \I/glues even when a Isunably Iarge'a prion Iunpe;namty
assumed to be negligible. The horizontal line in the middle and bot-'S aPP ied. In summary, values ofps obtained early in the

tom panels indicates the Arrhenius estimate of the reaction rate afight may be unreliable but highlight the circumstances un-
245 K. der which the NOs retrieval should be treated with caution.
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39 km Reaction rate suggest that the reaction rate is properly characterised. Over-
a ‘ 508‘ 405 ] all, these results indicate consistency between the key pa-
af : : rameters controlling the diurnal N&ycle and the Oxford-
) 8107 30S:20S based MORSE retrievals of NQN,Os, and ozone used in
Hg 6-10’18i 1026 ] this study.
o [ . i
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