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Abstract. This paper presents the spatio-temporal distribu-NOy = NOx+HNO3+2 - N2Os+CIONOG;+HONO,  (2)
tion of NO, species at altitudes between 14 and 31km as

measured with the MIPAS-B instrument on the morning of
21 March 2003 in northern Scandinavia. At lower altitudes the NG, budget, such as HNfand BrONQ, are neglected
(below about 22 km), temperature variations, the distribu-N€re: The mostimportant NGeactions are shown in Fig.
tion of CIONO,, and the tracer pD reveal the dynamics with ~v denoting photolyt|9 dlssoc_latlon reactl_ons._ The time
through the edge of the late arctic polar vortex. At higherconstants for the. photolytic re.act|ons.are quite different for
altitudes, continuous measurement before, during, and aftéf'® Various species. Photolytic reactions of Néhd NG
sunrise provides information about photochemistry illustrat-2'€ Very fast (in the order of minutes), while photolysis of
ing the evolution of the photochemically active gases,NO N2Os is slower (in the order of several hours), and photoly-
and NOs around sunrise. The measured temporal evolu-

Nitrogen constituents, which are of minor importance for

sis of HNQ; and CIONQ is almost negligible in the lower

tion of NO, and NeOs is compared to box modelling that is  StratospheréWayne 2000 at high altitudes in winter.

run along backward calculated trajectories. While the com-  1huS, the partitioning within NQis dominated by fast
parison of measured and modelleg®s reveals significant ~Photochemistry. N@is most prominent during nighttime,
differences, there is a good agreement between the modynile @ considerable amount of N@ converted to NO dur-
and observations for NOin terms of volume mixing ratios N9 daytime. The mixing ratios of NO and NQliffer be-
but the simulated decrease shortly after sunrise is underestfv€€n sunlit and dark conditions by a few orders of magni-
mated compared to the measurements. The differences aftde depending on altitude and latitude. In the middle and

attributed to the photolysis rates used in the box model callOWer stratosphere, the reformation of N@fter sunset is
culations. about as fast as its photolytic dissociation after sunrise.

N2Os is photolysed into N@and NG during the daytime.
This reaction is much slower than the photolysis of N@o
NO, thus NOs is decreasing slowly during the whole day-
time period. At nighttime, in the absence of sunlightQ§
is built up through the reaction of NQwith NO3 leading to
a slow increase of pDs during the nighttime with its maxi-
mum occurring around sunrise.

The NG, family plays an important role in ozone chem-
istry, where the NQ species have the ability to act in two
NO, = NO + NOs ++ NO3 ) ways. Oneis th(_a ability to buffer reacti\(e .halogen §pecies by
forming reservoir gases and the other is its capability of cat-
alytic ozone destructionBfasseur et al.1999. While the

Correspondence toA. Wiegele overall reactive nitrogen content NQs invariant at short
BY (wiegele@ima-umwelt.de) timescales, the partitioning changes rapidly around sunset
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1 Introduction

Odd reactive nitrogen (Ng) can be divided into reactive rad-
icals NG, and the less reactive reservoir speciBsagseur
et al, 1999. For the following discussion, we define:
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2 Measurement and sampling

NO,=———=N.O
hv.M 275 The Michelson Interferometer for Passive Atmospheric
Sounding, balloon-borne version, MIPAS-B, is a cryogenic
H,0(1s) Fourier transform spectrometer which measures the thermal
s emission of the atmosphere using the limb sounding geom-
OH etry (Fischer and Oelhafl996. Details about its layout,
I H NO measurement technique, and data processing are reported by
NO E— hv 3 Friedl-Vallon et al.(2004 and references cited therein. The
2 instrument covers the wavenumber region of 750 trap
hv H.009) to 2460 cn! (equivalent to 4.06 pm up to 13.3um) where
3 the most important Npspecies show prominent rotational-
clo CIONOz vibrational transitions.
o('D) The passive measurement of the thermal emission of at-
HO mospheric constituents allows MIPAS-B to measure at any
NO h—ZM HO,NO, |, o time of the day and to point the line-of-sight (LOS) in ele-
v / vation and azimuth according to the scientific needs. The re-
mote sensing technique of MIPAS-B is suited for covering a
Fig. 1. Simplified reaction scheme of NO All mentioned NG range of altitudes in a short time interval and the azimuth an-
species except NO and NChave been retrieved from MIPAS-B  gle can be adjusted relative to the position of the sun. These
measurements for this study. capabilities are essential for studying temporal evolutions at
consistent illumination conditions.

hv, O |O

)a\o\dsose“ @
2
w

hy, 0|0

Troposphere

and sunrise and slowly during day- and nighttime. Further-
more, the amount of Ngat a certain altitude differs between

inside and outside the vortex. _ The raw data measured by MIPAS-B are interferograms with
N_umerous measurements of individual species of thg NO 5 maximum optical path difference of 14.5cm leading to a

famlly.have been reported over th_e Ie_lst decades whereas Ol%'pectral resolution of about 0.07 cth(apodised). The sam-

servations of the complete partitioning and budget can b&jing of one interferogram lasts about 10's. The pointing sys-

found less frequently in the literature. The latter have beengp, (Maucher 1999 offers an accuracy of better than 150 m
mainly based on airborne and spaceborne remote sensir@a) with respect to tangent point altitudes.

during day- and nighttime in emission or at sunrise and sun-

set in occultation (e.groon 1987 Abbas et al. 1991 Sen o604 spectra includes mathematical filtering, non-linearity
etal, 1998 Danilin et al, 1999 Osterman et al1999 Kull ., rection, phase correction, and complex Fourier transfor-
etal, 2007 Stowasser et 312002 2003 Wetzel etal.2002  a1i0n Kleinert, 2008 Kleinert and Trieschmanr2007).
Mengistu Tsidu et al2009. , _ The two point calibration that leads to radiance units is done
From these various measurement techniques, diurnal Varipy means of “deep space” (+2@levation angle) and black

ations of NQ species can be best addressed by balloony,,qy specira, As a measure of the instrument sensitivity ap-
borne emission measurements. Emission instruments argoyimate Noise Equivalent Spectral Radiance (NESR) val-
capable of measuring in any azimuth direction at any time o for each spectral channel are compiled in Table

of the day, and a balloon platform allows sampling of the -, yhe temperature and trace gas retrievals the Karlsruhe
Same air Masses ov_er_several ho@mwasser et a(2003 Optimized and Precise Radiative transfer Algorithm KO-
have_ studied th_e vaniation of short-lived bl@ogues around  pp A (Stiller et al, 2002 and the adapted inversion tool KO-
sunrise, but this was based on only three limb sequencep Ap T have been used. A Tikhonov-Phillips regularisation
that have been performed one hour before, during, and threﬁpproach was applied which was constrained with respect

hours aLter sunnse. h ical - ¢ th to the form of an a priori profile. Spectroscopic data was
For.t N studprresentgd here, E)/eruca prmez of t €taken from the spectroscopic database HITRANRAtbman

most important Q SPECIes have been measured quast-q 51 5003, Absorption cross-sections of CION®@riginate

continuously with high temporal resolution during several from Wagner and Birk2003. The microwindows used for

hours around sunrise. The measurements cover the aItitu%e retrieval are basically the ones described\egzel et al
range from 14 to about 31 km and a spatial range of a few(2003 '

hundred km. This has allowed the study of both the tem-
poral evolution of short-lived species and the distribution of
longer-lived constituents across the vortex edge.

2.1 Measurement technique and data analysis

The processing of the measured interferograms to cali-

All retrievals have been performed with the same a pri-
ori information independent of the time of day. Error cal-
culations include noise and LOS errors as well as spectro-
scopic errors for all retrievals. For the temperature retrieval,

Atmos. Chem. Phys., 9, 1151363 2009 www.atmos-chem-phys.net/9/1151/2009/



A. Wiegele et al.: Spatio-temporal variations of N€pecies measured with MIPAS-B 1153

Table 1. Spectral channels of MIPAS-B during the flight in March 2003 along with NESR values and prominent gases in these spectral
regions.

Channel Wavenumber region  approx. NESR (single spectrum) Gases
(cm™ 1) (nW/(cm? sr cni 1)) NOy Further Species
1 750 1000 7 HN@, HO;NO,, CIONO, CO,, O3, CIO, H,O
2 1070 1557 45 BOs5 CHg, N2O, Oz, H,0O
3 1557 1774 15 N H>0
4 1774 2460 1.8 NO

uncertainties in C@ mixing ratios and gain errors are also
taken into account. The gas retrievals then include the error ol\7]2_.
caused by the resulting temperature errors. ]

Error contributions due to horizontal gradients along the 71
line of sight can be regarded as minor for the reported obser- ]
vations because of the carefully defined measurement sce-
nario and the well defined averaging kernels with narrow
peaks of the contribution function around the tangent alti- ]
tudes. For the retrieval of CIONQfor example, horizontal 69
gradients of 1 ppbv per 100 km generate only small variations
of up to 1% in the retrieved volume mixing ratios (vmrs).

The retrieval of NO profiles under consideration of non-
local thermodynamic equilibrium (NLTE) effects has turned l e = S [
out to be extremely difficult for the balloon measurement 4 15 16 17 18 19 20 21 22 23 24 25 26
geometry at this season and latitude, since both the strato- °E
spheric and the thermospheric contributions of NO were
mainly located above the balloon altitude of about 31 km. Fig. 2. Measurement scheme with its tangent points above north-
Therefore, those two contributions could not be separate@™ Sca_ndinavia. The colqur code_ deqotes the altitudes of_the tan-
properly, leading to large errors in the retrieved profiles.gem points. For each azimuth direction, start and stop times of

S : . i .. the measurements are indicated in UTC. The sunrise was between
Que_llltatlvely, however, the raise of NO Wlt.h Sl.mnse IS q.UIte 3:40 UTC at the highest and 04:00 UTC at the lowest tangent
obvious. Because of the large uncertainties in the retrieve

. . oints, during the measurements in the third azimuth direction from
NO profiles, these results are not further discussed, and thgq \vest. g

NOy budget calculations will be restricted to the nighttime

70

1.5
68"

measurements. vations at-0.3", 2°, and 20. With this sampling scheme, the
measurement duration of one limb profile was about 5 min.
2.2 Sampling approach In total 58 limb sounding sequences have been recorded. In

order to fulfil the second requirement the azimuth direction

In order to sample the temporal evolution of the N&pecies  of the LOS was changed about every 30 min. Thus, indi-
around sunrise, a dedicated measurement scenario has be@dual limb sequences were grouped in 7 different azimuth
performed covering the time from two hours before to threeangles.
hours after sunrise. This scenario had to fulfil two require- The sampling of the measurements with the coordinates
ments: First, the limb scans had to be comparably fast inand altitudes of the tangent points is shown in Rig\Very
order to get a high temporal resolution, and second, the dicalm conditions at float altitude led to nearly no movement of
rection of the measurement beam had to be chosen perpethe gondola during the recordings. It should be noted that this
dicular to the azimuth direction of the sun in order to ensuremeasurement pattern not only covers the temporal evolution
symmetric illumination conditions along the LOS before and of the NG, species, but, by looking into different azimuth
beyond the tangent point. directions, also the spatial distribution within the covered

The first requirement was reached by averaging only tworange. While the temporal evolution is the dominant effect
interferograms per tangent altitude (two have been chosefor short-lived species in the higher altitude range, variations
for the sake of redundancy). The tangent altitude samplingf long-lived trace gases in the course of the measurements
was 14 km, 17.5km, 19.5km, followed by equidistant stepsrather reflect the spatial distribution of the trace gases than
of 1.5 km up to 30 km, 31 km, and completed by constant ele-their temporal evolution.

www.atmos-chem-phys.net/9/1151/2009/ Atmos. Chem. Phys., 9, 11632009
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The MIPAS-B measurements have been performed during
a balloon flight above Kiruna (Sweden) at 20th/21st of March
2003. At this time of the year, a weak arctic vortex still ex-
isted and its center was shifted to Scandinavia and northern
Russia.

The vortex axis was tilted in the vertical (see R3Yy.there-
fore the different tangent altitudes (Fig).were partly inside
and partly outside of the vortex. The fields of potential vor-
ticity (PV), as well as an analysis of the edge of the polar
vortex calculated according Mash et al(1996, have shown
that the westerly tangent points at 17 km and 19 km were sit-
uated outside the vortex, while the easterly tangent points
were inside. All tangent points above 21 km were clearly in-
side the vortex. At the lowest level (14 km) the vortex was
not well defined anymore.

Regarding the time of the year an exceptionally high
tropopause was found in the westernmost measurement re-
gion above the North Sea and Norway in the ECMWF tem-
perature profiles and the distributions of the PV. The temper-
ature profile of a radiosonde launched from Kiruna the same
day shows a first strong inversion, indicating the tropopause,
as high as almost 13 km.

In summary, the measurements taken at altitudes between
17 km and 21 km covered the edge of the polar vortex with
strong horizontal gradients while weaker gradients could be
expected above these altitudes, where the scanned air masses
were situated inside of the vortex. Therefore, both features
can be explored, the edge of polar vortex with its strong hor-
izontal gradients in the lowermost stratosphere as well as the
diurnal evolution of the shorter lived species in the middle
stratosphere.

ing of 21 March 2003. The upper panel shows the distribution at4 QObservations

the potential temperature level 475 K19.5 km), the lower one at

550K (~22.5km). The tangent points of the respective altitudes areThe measurements reflect different air masses across the vor-
given as black dots. The dashed line shows the vortex edge accordex edge (mainly at lower altitudes) as well as diurnal varia-

ing toNash et al(1996.

3 Meteorology

tions (mainly at higher altitudes). Therefore, the discussion
focuses first on temperature and longer lived species to char-
acterise the dynamical and thermal state of the observed air
volumes. Thereafter, the diurnal evolution of photolytically
active species such as N@nd NyOs will be discussed.

The early winter 2002/2003 was governed by low temper-
atures Naujokat and Grunow2003 that were below the
threshold temperature for the formation of polar stratospheri
cloud (PSC) particleHanson and Mauersbergéf88. Af-
ter a major warming in mid-January followed by a reform
tion of the vortex, temperatures sank again below the thresh
old temperature for few days in early February. During
those periods PSCs were observ8ggng et a].2005 and

The following plots show the retrieved profiles in colour
Ccode. The observations in the different azimuth directions
are separated by black bars. The time of measurement is dis-
a- played on the X-axis. This axis is not perfectly linear because
of calibration measurements during the change of azimuth
angles. The approximate longitudes of the tangent points,
valid for an altitude of 21 km, are denoted as white numbers.

denitrification had been measured by the MKIV instrumentThey serve as indicato.r for the pos_ition relative to the vortex
edge. Furthermore, Figd0 and11 include the sunrise for

(GrooR et al.2005. GrooR et al(2005 have modelled the = i ) .
PSC formation as well as denitrification and give a more de_dlfferent altitudes as a white solid line.
tailed view about the meteorological conditions during the
winter 2002/2003.

Atmos. Chem. Phys., 9, 1151363 2009 www.atmos-chem-phys.net/9/1151/2009/
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‘ Temperature, March 21, 2003, values in Kelvin ‘ ‘ NZO, March 21, 2003, Mixing Ratio in ppbv ‘

Height (km)
Height (km)

2:25 3:15 407 5:.03 6:16 : 2:25 3:15 4.07 5:03 6:16
Time (March 21, UTC) Time (March 21, UTC)

Fig. 4. Temperature across the edge of the polar vortex. The sevefrid- 5. Same as Figd, but for NO.

azimuth directions of the measurements are separated by black bars.

The different blocks are labelled with the mean longitude of the

tangent points at 21 km. The X-axis shows the time of the measuresubsidence of about 1 km can be derived (from 20.8km to

ment. 19.8km). Values of 225 ppbv (yellow) range from 18.5km
to 16 km, revealing a subsidence of about 2.5 km in this alti-
tude range. It should be noted, however, that the actual subsi-

4.1 Temperature dence may be larger than the values derived from these mea-

_ _ o surements because the measurements do not cover the whole

The retrieved temperature profiles are shown in BigThe  yange from well outside to well inside the vortex at all alti-

temperature does not show mentionable diurnal variationsy,des and mixing across the vortex edge may also have had

therefore the longitude, which serves as indicator for the po4, influence on the »O concentrationNlUller et al, 2007).

sition relative to the vortex edge, is more relevant than theapove the cyan area, the relative subsidence is less obvious,

time axis. Temperature errors of the individual profiles arepecause at higher altitudes the tangent points of different az-

in the order of 1K (I, random and systematic error) and jmth directions are relatively close together (see Bjgnd

differences to ECMWF temperatures are in the range of 1 toy| sjtyated inside the vortex. Furthermore, vertical gradients

2K (not shown). are very weak, which makes the quantification of any subsi-
The transection across the vortex edge shows differencegence in that altitude region uncertain.

between the air masses situated outside or inside the polar very |ow mixing ratios of NO are measured at altitudes
vortex. The more easterly the measurement is situated, thgetween about 22 and 24 km. Mixing ratios below 15 ppbv
more the air masses are influenced by processes inside thge marked in dark blue colours and the black area at this
vortex. The altitude of the minimum temperature decreasegjtitude in the two easternmost azimuth directions indicates
from about 22 km at the westernmost profiles to about 19 kmextremely low NO concentrations close to zero. These mix-
at the easternmost profiles. In the altitude range of abouing ratios can be attributed to air masses originating from the
17 to 19km, where the measurements cross the vortex eddgpper stratosphere as suggestedviiyller et al.(2007). For
horizontal gradients are in the order of kg withamax- 4 more detailed discussion of the dynamical situation of the

imum value of 1. ngm at 18 km (see also Fi@). late winter 2003 vortex, see al&mgel et al(2006).
The very high tropopause level mentioned in SecBas
4.2 NO reflected by the high mixing ratios ofJ® at the lowest al-

_ _ titude of 14 km of the westernmost sequences. The maxi-
The retrieved MO profiles of all 58 measured sequences aremum values of about 323 ppbv are in good agreement with

collected in Fig.5. The horizontal gradient of 30 across  the tropospheric mean value of 2003 (about 318 pptMO,
the vortex edge in 18km is shown in Fi§. Because of 2006.

the longevity of MO, again the situation of the sampled air
masses relative to the vortex is more important for the inter-4.3 NGO, Partitioning
pretation of the measurement than the time of day.

The dynamic tracer pD indicates the subsidence of air Vertical profiles of nighttime NQ partitioning are shown in
masses across the vortex edge very well. The subsidendeig. 6. The error bars include noise, temperature and LOS er-
is clearly visible below 21 km and is more pronounced atrors as well as spectroscopic errors (see also 3ebt. The
lower altitudes. From the 75 ppbv,R contour (cyan), a NOy error bars are calculated as root of sum squares of the

www.atmos-chem-phys.net/9/1151/2009/ Atmos. Chem. Phys., 9, 11632009
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Nightime NOy partitioning, March 21, 2003, 2:25 UTC ‘ ‘ HNO,, March 21, 2003, Mixing Ratio in ppbv ‘
32 g
31 - —=—NO,
gg E —+ N0, 10
—+—HNO
28 2 3
27 HO,NO,
26 —+—CIONO,
25 *NO,

Height (km)

Height (km)
N
(edy) ainssaid

L 100

2:25 3:15 4:07 5:03 6:16
Time (March 21, UTC)

o4
Volume mixing ratio (ppbv)
Fig. 7. Same as Fig4, but for HNG;.
Fig. 6. Nighttime partitioning of NQ except NO of the first mea-

sured sequence. ) ) o
since after the major denitrification events that have taken

place in January, dynamics and photochemistry might have

individual errors. HN@ dominates the budget up to 28km Washed out any more pronounced structures.
altitude while higher up, the budget is dominated by JINO 45 CION

The nighttime contribution of NO to the total NGs negli- . S
g|ble in the mgasurement range. Thus, thg EXCIUS'O.H of NOAS described in SecB the MIPAS-B measurements cover
is acceptable in the nighttime budget, while at daytime the

o 4 the vortex edge at lower altitudes. Fig@shows the distri-
NQ contribution to total NG exceeds that of Ngat higher bution of CIONG across the vortex edge. After periods of
altitudes (not shown).

i ) ) strong chlorine activation, a chlorine nitrate ring is formed
Several NQ species measured with MIPAS-B during the nexr the vortex edge in spring due to the recombination of

same balloon flight but at different times and azimuth direc- |5 with NO,. An intersection through this ring is clearly
tions have been compared to coinciding satellite measurey;gipie in Figs.8 and9. Maximum CIONG mixing ratios of
ments (e.gHopfner et al. 2007 Wang et al, 2007 Wetzel —,, g 2 5ppbv appear inside of the vortex close to the edge
et al, 2007 2009, showing the overall high quality of data ginting back at previously strong chlorine activation.

measured by MIPAS-B. The retrieved CION® profiles show significant differ-
ences between adjacent azimuth directions (separated by thin

4.4 HNG vertical lines), revealing the very strong horizontal gradients
of CIONO; at the edge of the polar vortex. The different sub-

The retrieved mixing ratios of HN§across the vortex edge  sigence at adjacent longitudes is clearly visible in the lower
are displayed in Fig7. In contrast to MO, HNOz cannot  gjitude range.

be regarded as good dynamical tracer as it undergoes photo-
chemistry over weeks and may also be affected by denitrifi-4.6 NO,
cation, sedimentation, and renitrification.

From looking at the HN@ profiles, the subsidence of the Figure10shows the evolution of the Nmixing ratios be-
air masses inside the vortex seems also visible but is muckore, during, and after sunrise. The plot is performed like the
less obvious as compared to® (see Fig5). Furthermore,  figures shown before, but here the time of measurement has
the inside-outside contrast could underpin subsidence onljo be noted and the white solid line in the third azimuth di-
for altitudes below about 19 km as it exhibits a different ver- rection displays the time of sunrise for the different altitudes.
tical behaviour than BD. Inside the vortex the HNpeak The plot shows mixing ratios of Nup to 6.5 ppbv dur-
mixing ratios are lower than outside by up to about 1 ppbving nighttime at the highest altitudes. At daytime, the mixing
whereas, below the vmr peak, the Hpl@bundance is in- ratios at these altitudes are reduced to about 2.5 ppbv. The
creased. This pattern suggests some residual redistributiofgduction during sunrise is quite fast and shows the fast pho-
of HNO;3 after events of denitrification that were reported tolysis rates of N@. For example, at 31km, the decrease
for periods earlier that winteiGrooR et al(2005, see also  from 5.4 ppbv at local sunrise to 2.3 ppbv takes place within
Sect.3). However, the vertical redistribution of HN@loes 65 min (see also Figl2). The diurnal variations are visible
not show up very clearly anymore at this time of the year down to about 22 km.

Atmos. Chem. Phys., 9, 1151363 2009 www.atmos-chem-phys.net/9/1151/2009/
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\ CIONO,, March 21, 2003, Mixing Ratio in ppbv \

c %8%:1\ Temp., 18 km

6.0
5.54
50 = HNO,, 18 km

264 T T T T T T T T

24 x CIONO,, 20 km
2.2 4 2

2.0 -
1.8

1.6

Height (km)
VMR (ppbv)

2:25 3:15 4:07 5:03 6:16 : 16 18 20 22 24
Time (March 21, UTC) Longitude (°)
Fig. 8. Same as Fig4, but for CIONG. Fig. 9. Temperature and vmrs of 40, HNOz in 18 km, and

CIONGs in 20 km altitude as a function of longitude. This plot re-

veals the gradients across the vortex edge in the respective altitudes.
4.7 N,Os For each azimuth direction, the mean value of all measurement se-

guences is shown. The error bars denote the standard deviasipn (1
For the interpretation of the measured mixing ratios Ol of the results within one azimuth direction.
shown in Fig.11 again the measurement time is more im-
portant than the longitude. This species is expected to reveal
minimum mixing ratios around sunset and maximum mixing |
ratios around sunrise as described in Skct.

Although the results of BOs are a little noisier than those
of e.g. NQ, the tendencies are obvious. As expected, the
maximum of the mixing ratios is found around sunrise. The
peak mixing ratio of 1.15 ppbv is measured at an altitude of
30 km few minutes after local sunrise (see also ER).

The mixing ratios at altitudes below 25 km do not show a
significant response to changing sunlit conditions. The low
volume mixing ratios of NOs at about 23 km in the easterly
profiles can again be explained with the reduced, N@ntent
caused by the already mentioned downward transport from

the upper stratosphere 2:25 3:15 4:07 5:03 6:16
Time (March 21, UTC)

NOZ, March 21, 2003, Mixing Ratio in ppbv

Height (km)

5 Modelling Fig. 10. Same as Fig4, but for NO,. Here, the added white
solid line denotes the time of the local sunrise, which is altitude

A box model has been used to compare the MIPAS-B meadependent.

surements with state-of-the-art chemistry modelling. For the

model calculations, backward trajectories originating from

the tangent points and times of the MIPAS-B measurements At each altitude, the box model was run for a duration of

have been calculated. 3 days along the calculated backward trajectories, ending at
_ _ the tangent points of the MIPAS-B measurements. In order
5.1 Trajectories to compare the model results to the measurements, the tra-

i i jectories ending at the times and locations of measurements
The backward trajectory calculationsangematz et al. o the first (westernmost) azimuth direction have been ex-
1987 Reimer and Kauppl997) are based on the ECMWF  oqeq along so-called synthetic trajectories which are de-
analysis given every 6 h with a resolution of 2i6 latitude  feq by the times and locations of the following MIPAS-B
and longitude. The trajectories are calculated on isentropiGneasyrements of the same altitude. These synthetic trajecto-
surfaces taking into account radiative heating and coolingies do not represent the transport of the air parcels anymore;
with climatological heating rates. they give only the model results along the MIPAS-B mea-

surements.

www.atmos-chem-phys.net/9/1151/2009/ Atmos. Chem. Phys., 9, 11632009
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L . NO,, MIPAS-B Flight # 13, Box Modelli d M its, Mixing Ratio i by
‘ Nzosr March 21, 2003, Mixing Ratio in ppbv ‘ ‘ o igl ox Modelling and Measurements, Mixing Ratio in ppbv
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Fig. 11. Same as Figl0, but for N,Os.
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Therein, the solar zenith angle dependence of the photolysis
rates of each substance at a distinct altitude is given by the
following parametrisation:

Fig. 12. vmrs of NG, and NbOs in 31 km altitude as a function of
time.

Furthermore, for each tangent altitude and azimuth direc-f = fo e”*1~5e%x! 3
g

tion of the measurements, individual trajectories have been

determined and model calculations along these individual Therein fy is the photolysis rate at overhead sun condi-
trajectories have been performed. The model results at thgons and the coefficients and ¢ describe the solar zenith
measurement points calculated with the individual trajecto-angle dependency of the photolysis rate.

ries do not differ significantly from the results calculated As the photolysis rates depend especially on the ozone
along the synthetic trajectories. Therefore, solely the resultprofile, a climatological ozone profile, normalised to the
of the box modelling along the backward trajectories of themean ozone column measured by MIPAS-B, has been used
first azimuth direction in combination with the synthetic tra- to calculate the photolysis rates as realistically as possible.
jectories along the points of measurements will be discusseéfor the albedo, a constant value of 0.7 has been used. The

further. box model takes into account 48 different gases, combined
in nine families, and includes 167 reactions, of which 39 are
5.2 Box model photolytic. During the three days of backward trajectory cal-

culations prior to the start of the measurements, time steps of
The box model is a zero dimensional chemistry model de-the model are 10 min and the output is obtained every hour.
scribed byRuhnke and Bth (1995 and includes rate coeffi- During the time period of the measurements, each time step
cients taken fronBander et ali2003. The photolysis rates and output of the model is similar to the temporal resolution
are precalculated for the different altitude levels of the trajec-of the corresponding measurements (i.e. about 5 min).
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Time (March 21, UTC) h|p|t any non-linearity. Wlth this normalisation the mixing
ratios for the box modelling N@ sox becomes:
Fig. 15. Differences (model — measurement) for N@pper panel) NOy.i. sox=NOy - NOy. i kasivA (5)

and NbOs (lower panel).
These calculations have been done in terms of the definition
of NOy as given in Eq.2).

The zero dimensional modelling offers the possibility to  The mixing ratios of the tracers 0, CHy, as well as
simulate the chemistry of the measured air parcels for severadf ozone are also taken from the MIPAS-B measurement
days, because photochemistry is modelled according to théo avoid any biases in the initialisation fields modelled by
sunlit conditions along the trajectory. Pressure and temperKASIMA and to meet reality as good as possible.
ature are taken from the trajectory calculation. This way of
modelling is justified as long as horizontal and vertical mix- 5.3 Results of box modelling
ing is negligible. For initialisation of the box model the mix- . .
ing ratios of the gases used for the modelling are taken fronf 19Ures13 and14 present the time-resolved box modelling
a long-term simulation of the 3-D chemistry transport model results t(_)gether ‘_N'th the measurements fpr the photqcheml-
KASIMA (Kouker et al, 1999, except for the constraints Cally active species Noand NOs, respectively. The time
described below. A multi-annual KASIMA run with a grid axis is extended to 3 days beforg the measurgments t_o mclgde
of 5.6 in latitude and longitude is used with an interpola- the box model results for the simulated period. While this

tion to the starting coordinates of the trajectories. The initial firSt part of the axis is linear, the time during measurement is
NOy was constrained to the total y@ontent measured by stretched and not perfectly linear (see SéftThe coloured

MIPAS-B. Therefore, the various NGspecies NQ; had to circles overlaying the measurements denote the mixing ra-
. ' — ' tios for the different altitudes in the same colour code as the
be normalised by the factdtOy,

measurements. Differences between model results and mea-
NOy, mipAs—B surements thus appear as colour contrast between fore- and
m, 4) packground. For clarity, the results of the box.modelllng dgr-

’ ing the 3 days before the measurement are displayed on fixed
such that the NQ partitioning given by KASIMA is pre-  altitudes, although the air parcels experience some altitude
served, but the total amount is constrained to the budget oéxcursion.

NG, =
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The thin black lines denote the local solar zenith angle inin a stronger simulated build up of2®s in particular dur-
the respective altitudes. In this context, the fixed altitude de-ing night time Kircher et al, 1984). However, this explana-
notes the horizon. Thus, when the black line is above thetion is not likely in our case, since the differences between
circles, the air parcel is sunlit, while during nighttime, the retrieved MIPAS-B temperatures and ECMWF temperatures
black line is below the circles. Depending on altitude andare mostly below 2 K. Such a difference would alter th&#|
taking terrestrial refraction into account, sunrise and sunsevolume mixing ratio by only about 5%. As the main dif-

occur at solar zenith angles of 9® 95°. ferences are obvious during night time, the assumed surface
area density of sulphuric acid aerosols in the box model runs,
5.3.1 NOQ Model results which is kept constant during the 3 day simulation, is ex-

pected to be an important source of uncertainty for the mod-
The modelling of NQ (Fig. 13) during the 3 days before elled N,Os evolution Qufour et al, 2005.
the measurements shows the altitude-dependent behaviour of
NO, with changing sunlit conditions very well. The mixing
ratios are changing rapidly between night- and daytime ac6 Photolysis rates of NG
cording to the variation of the solar zenith angle. This is
visible down to 19.5km. Only few hours are necessary for
the model to tune and no mentionable accumulation or con
sumption of NQ due to an erroneous initialisation is visible
during the modelled 3 days.

The comparison between the model and the measureme?(tjl
at the right side of the figure and in the upper panel of Fiy.
shows that the daytime equilibrium mixing ratios are repre-
sented very well by the model. However, the nighttime mix-
ing ratios above 25km are too high in the model and somerhe hasic relationship between NO and Ni®given by the
differences are evident during sunrise. In the model, the refo|lowing reactions:
duction of NG starts earlier (before sunrise), such that the
NO, vmr in the model even drops below the measured val-
ues (see Figl5). However, later on, in the fourth azimuth NO, + hv — NO+ O (6)
direction, the model provides significantly slower reductions 5 - Or+M— O3+ M @)
of NO, than the measurement, such that thesN@r in the NO + O NO» + O 8
model again exceeds the N®mr in the measurement, and O3 = NO2+0 (®)
the equilibrium mixing ratio is obtained more than one hour
later, pointing to slower photolysis in the model. This bias in

time is less pronounced at lower altitudes. d[NO]/dt = k x [NO] x [O3]—J (NO2) x [NOy] 9)

In order to get a better understanding of the discrepancies
in the mixing ratios in the model and in the measurement
around sunrise, photolysis rates for N (NO>)) have been
deduced from the measurements.

This requires some assumptions which are described in the

lowing:

6.1 Assumptions

The change in [Ng] can be calculated from

5.3.2 NOs Model results Equation9 can be solved fod (NO»):

The diurnal variations of NOs (Fig. 14) during the firstdays  J(NO2) = (k x [NO] x [O3]—d[NOz]/dt)/[NO2] (20)
of modelling show minor variations with time compared to o _
those of NQ and well defined maxima at sunrise and minima N the steady state approximatidfNO]/d1 is set to zero,
at sunset above 21 km. but at sunrise (and also sunset) the changes in solar flux are
At the highest altitude, it appears that thed§¢ mixing ra- {00 rapid for this assumptioiao et al.2003).
tio obtained by KASIMA, which is used for the model ini- !N additon, NG and NG and thus NQ
tialisation, is too low. Despite the weak accumulation of (FNO+NQ;+NQg) is in thermal equilibrium with NOs:
N2Os during three days at the model run prior to the mea-
surements, the comparison between the model and the mea-
surements shows too small modelled volume mixing ratios a 02+ NOz + M — N2Os + M (11)
the highest altitude. N20s5 + M — NOz +NO3 + M (12)
The most significant differences between the box model . .
results and the observations occur at altitudes between The_refore, it can be assumed that an extendeg, M@qh
25.5km and 28.5 km where the simulatest® volume mix- IS dgfmed a5 NQex=NOx+2xN20s, is constant during
ing ratios are larger than the measured ones (see alst3;ig. sunrise.
lower panel). Beside initialisation problems due to an inap-
propriate partitioning of the individual NDspecies, differ-
ences in the temperatures along the trajectory could result

[NOy ext]=[NOx] + 2 x [N20Os] (13)

Atmos. Chem. Phys., 9, 1151363 2009 www.atmos-chem-phys.net/9/1151/2009/



A. Wiegele et al.: Spatio-temporal variations of N€pecies measured with MIPAS-B 1161

6.2 Derivation of/(NOy) from MIPAS-B data originally calculated/ values in the SZA range from°Go

80° (E.-P. Roth, personal communication, 2008). Thus, the
For the derivation ot/ (NO2) from MIPAS-B data, only the  S7A range during sunrise which is analysed JgNO5) in
measurements in the third and the fourth azimuth directionthis paper is outside the fit interval of the parametrisation.
(03:30 h—04:40 h) are considered as the largest differences imhis is obvious from Fig16 when comparing the/ (NO>)
NO; occur shortly after sunrise (see Sex8.1). values of the parametrisation to the originally calculaied

As temperature, pressure, time, zenith angle, as well agalues. These original values are in much better agreement
the vmr of NG, N2Os, and G at each tangent point are jith theJ values deduced from the MIPAS-B measurements.
known from the MIPAS-B data, only NO has to be estimated This leads to the conclusion that the parametrisation 8Eq.
to derive J(NO) from MIPAS-B data. The first four limb  has its advantages mainly for global mean conditions with
sequences of the third azimuth direction (called S1 to S4)szAs below 80 but for winter or spring arctic conditions at
are performed during night time when [NQO] is negligible sunrise or sunset the fit procedure needs to be adjusted. An
and[NOx]nigt is set to the mean of [N£ of these four se-  adjustment of the parametrisation for these conditions is cur-
quences: rently in preparation (E.-P. &h, personal communication,
2008).

The influence of the ozone column and the albedo on the
model data has been investigated with additional sensitiv-
ity calculations using ART. The ozone column has been in-
creased by about 43 DU up to 296 DU, which is at the upper
range of the TOMS data around Kiruna at March 21, 2003,
but these variations in the ozone column only have a marginal
[NOy ext|=[NOxInight effect on theJ values whereas they are rather sensitive to the

albedo assumed. An albedo of 0.31 instead of 0.7, which has
+([N2Os]s1+ [N2Osls2 + [N2Oslsa + N2Oslsa/4 - (19) o0 applied for the box model runs, increases/thalues

With these assumptions, [NO] at a given time t can be cal-Significantly, bringing the model values closer to the mea-
culated as: surement (see Fig.6).

[NOxlnight=(INO2]s1+[NO2]s2+[NO2]s3+[NO2lsa) /4 (14)

In addition, it is assumed that during the time period con-
sidered, [NQ exq is constant. Thus, [NQext] can be deter-
mined similar tofNOy]night:

[NOJ,=[NOy extl -[NO2]; —2 x [N20s]; (16) )
7 Conclusions
When rewriting Eql0as
The results presented here show the ability of MIPAS-B
J(NOz),=(k x [NOJ; x[Og];—(INO2],—[NO2]; 1)/ A1) /[NOz], (17) to measure the diurnal variations of photochemically active
we can calculatg (NOy) from MIPAS-B data: NOy speci_e_s with high t_emporal reS(_)Iuti(_)n._ Fu_rthermore,
the capability of measuring the spatial distribution of var-
ious trace gases across the vortex edge has been demon-
J(NO2), = (k x (INOy]—[NOz],—2 x [N20s],) stratid. Thr? hmeajurerr;ehnts inI March 2003 yiﬁld ahcross sec-
tion through the edge of the polar vortex as well as the tempo-
x[Osli = (INO2l; =[Nzl —1)/ A1 /INOly (18 " ral evolution of photochemically active NGpecies around
6.3 Results and discussion sunrise. Spatial and temporal effects can be separated, be-
cause the measurements across the vortex edge have only oc-
The J values for NQ calculated according to E48 and  curred at lower altitudes (as can be seen from the PV distri-
the values used in the model (using Bjare displayed in  butions, Fig3), where photochemistry is less important. The
Fig. 16 for an altitude of 31 km. While the photolysis rate measurements at the higher altitudes are situated well inside
in the model increases rather linearly with decreasing solathe vortex, so that chemistry can be investigated solely. The
zenith angle (SZA), the photolysis rate deduced from theedge of the polar vortex and the relative subsidence of polar
measurement is close to zero for SZAs above 93.5 degree¢ortex air are well seen from the distribution of temperature
and increases linearly below. However, the slope is muchand NO at a good spatial resolution. This spatial resolution
steeper in the measured data, such thaf/tkialues at 91 de-  allows to resolve the ring of enhanced CIOplG@ose to the
grees SZA exceed the values in the model by more than 50%/0rtex edge with its very strong horizontal gradients.
The lowerJ values used in the model explain the slower de- The measurements of species that are affected by photol-
crease of NQ@. ysis clearly show the diurnal variation as expected for both
The discrepancy in the values for NG between the mea- NO2 and NOs.
surements and those used in the box model runs can be ex- The comparison with a box modelling along backward cal-
plained with the parametrisation of thevalues in the model.  culated trajectories reveals differences in particular shortly
The values of the parametrisation are based on a fit of thafter sunrise. The modelled decrease of,Nf@ier sunrise is
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about three times slower than the decrease in the measure- 2003, Atmos. Chem. Phys., 6, 267-282, 2006,
ment. However, for SZAs above 8 the model already http://www.atmos-chem-phys.net/6/267/2006/
shows some photolysis which is not seen in the measuremertischer, H. and Oelhaf, H.: Remote sensing of vertical profiles of
(see Figl6) leading to a negative difference in the left panel ~ atmospheric trace constituents with MIPAS limb-emission spec-
of Fig. 15 for high altitudes shortly after sunrise. trometers, Appl. Optics, 35, 2787-2796, 1996.
One reason for the discrepancy between model and mecJ‘:_rledeVallon, F., Maucher, G.,'Seefeldner, M., Trleschmgnn, 0.,
. . . . Kleinert, A., Lengel, A., Keim, C., Oelhaf, H., and Fischer,
surement 'S_ found in the parametrlsatllon ‘?f the photolys_ls H.: Design and characterization of the balloon-borne Michelson
rates used in the box model. Especially in the high alti- |erferometer for Passive Atmospheric Sounding (MIPAS-B2),
tudes, the photolysis rates used in the model are significantly Appl. Optics, 43, 3335-3355, 2004.
smaller than the photolysis rates that are deduced from théao, R. S., Del Negro, L. A., Swartz, W. H., Salawitch, R. J., Lloyd,
measurement. These differences are mainly caused by the S. A, Proffitt, M. H., Fahey, D. W., Donnelly, S. G., Neuman, J.
J value parametrisation in the model which is based on a fit A., Stimpfle, R. M., and Bui, T. P.7(NO>) at High Solar Zenith
of the originally calculated’ values in the SZA range from Angles in the Lower Stratosphere, Geophys. Res. Lett., 28(12),
0° to 8C°. This parameterisation is clearly not appropriate ~2405-2408, 2001. _
for SZAs around 99 as they occur in our measurements. Grool3, J.-U., @nther, G., Miller, R., Konopka, P., Bausch, S.,
Furthermore, it has been shown that the assumptions on the Schlager, H., Voigt, C., Volk, C. M., and Toon, G. C.: Simulation
albedo have a rather strong influence on the photolysis rate of denitrification and ozone loss for the Arctic winter 2002/2003,
. . . . Atmos. Chem. Phys., 5, 1437-1448, 2005,
while errors in _thg ov_erhead ozone proflle.only hgve a minor http:/www.atmos-chem-phys.net/5/1437/2005/
effect. The initialisation of the _box que! In Pa”'CU'ar with Hanson, D. R. and Mauersberger, K.: Laboratory studies of the ni-
respect to the assumed chlorine activation is a further rea- tric acid trinydrate: Implications for the south polar stratosphere,
son for the discrepancies between modelled and measured Geophys. Res. Lett., 15, 855-858, 1988.
results. Hopfner, M., von Clarmann, T., Fischer, H., Funke, B., Glatthor,
N., Grabowski, U., Kellmann, S., Kiefer, M., Linden, A., Milz,
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