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Abstract. Satellite observations show that the enormousfound that about 10 DU, but in any case lower than 18 DU,
solar proton events (SPEs) in October—-November 200Zaccumulated ozone loss additionally occurred until end of
had significant effects on the composition of the strato-March 2004 caused by the transport of mesospherig-NO
sphere and mesosphere in the polar regions. After theich airin early 2004. The solar-proton-produced,Nibove
October—-November 2003 SPEs and in early 2004, signifi55km due to the SPEs of October—November 2003 had a
cant enhancements of N&NO+NG,) in the upper strato-  negligibly small impact on ozone loss processes through the
sphere and lower mesosphere in the Northern Hemispherend of November in the lower stratosphere (350-7680K4—
were observed by several satellite instruments. Here we&7km). The mesospheric NOntrusions in early 2004
present global full chemistry calculations performed with the yielded a lower stratospheric ozone loss of about 3.5 DU, and
CLaMS model to study the impact of mesosphericyN® clearly lower than 6.5 DU through the end of March. Overall,
trusions on Arctic polar ozone loss processes in the stratothe non-local production of NQis an additional variability
sphere. Several model simulations are preformed with dif-in the existing variations of the ozone loss observed in the
ferent upper boundary conditions for @t 2000 K poten-  Arctic.

tial temperature£50 km altitude). In our study we focus on
the impact of the non-local production of NQwvhich means
the downward transport of enhanced Nfom the meso- ]
sphere to the stratosphere. The local production of hp 1 Introduction

the stratosphere is neglected. Our findings show that intru-_ ] )
uring periods of solar disturbances solar events can af-

sions of mesospheric air into the stratosphere, transportin? , ! , -
high burdens of NQ, affect the composition of the Arctic po- ect the concentration of constituents in the middle atmo-
’ sphere. Protons, electrons, and alpha particles released from

lar region down to about 400 Kx(17-18 km). We compare , e
our simulated N and @ mixing ratios with satellite ob- the sun are channelled along the Earth’s magnetic field and

servations by ACE-FTS and MIPAS processed at IMK/IAA cause ionization, excitation, dissociation, and dissociative

and derive an upper limit for the ozone loss caused by enlonization of the background constituents when they reach

hanced mesospheric NO Our findings show that in the the Earth’'s atmosphere. Solar disturbances can also lead to

Arctic polar vortex (equivalent lat.70° N) the accumulated solar proton events (SPEs), which are characterized by the

column ozone loss between 350-2000 K potential tempera€Mission of protons with higher energies. Some of these

ture (v14-50 km altitude) caused by the SPEs in October-Nighly energetic protons can penetrate to the stratosphere,

November 2003 in the stratosphere is up to 3.3 DU with anPut generally only in the polar regions. In general, the ma-

upper limit of 5.5DU until end of November. Further, we 17 effects of solar energetic .par.t!cle preplpltat|on (EPP) and

SPEs have been found to significantly increase the produc-
tion of odd nitrogen N@ (N, NO, NG,, NOs, N2Os, HNOg,

Correspondence tdB. Vogel HO,NO,, CIONO,, and BrONQ) and odd hydrogen HO
BY

(b.vogel@fz-juelich.de) (H, OH, HO,) (e.g. Crutzen et al. 1975 Jackman et al.
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198Q Solomon et a].1981; Lopez-Puertas et ak0053 Ver- 20095. The temperatures in the lower stratosphere were un-
ronen et al.20069. Both NQ, and HQ, play a key role in  usually high and temperatures in the middle and upper strato-
the ozone balance of the middle atmosphere because thesphere were unusually low during and after February 2004.
destroy odd oxygen by catalytic cycles. During polar night These dynamic disturbances supported the downward trans-
conditions, NQ is long-lived and can be transported down- port of NG leading to the N@Q enhancements in the upper
wards. Therefore, extra NOproduced in the upper atmo- stratosphere in early 2004.
sphere could be important for the ozone budget of the lower In addition to this downward transport of N@ the lower
and middle stratosphere. In contrast, enhanced HfO- stratosphere, dynamic disturbances of the vortex also yielded
duced by SPEs in the mesosphere or upper stratosphere émhanced meridional transport of Mdch and Q-rich air
short-lived and therefore only yields a short-time ozone de-masses from the subtropics into the polar regions in the lower
crease. stratosphere. This effect was discussedKkimynopka et al.
The fourth largest period of SPEs measured in the pas{20073 for the winter 2002/2003. They found that the en-
40years took place in October—November 2003 (known ashanced meridional transport of N@lso caused ozone loss
the “Halloween solar storm”), which resulted in ionization that can outweigh the halogen-induced ozone loss processes
effects in the atmosphere down to 30 km altitude near theoccurring in winter and early spring in the Arctic lower and
geomagnetic poles (e. dackman et al.20058. An espe- middle stratosphere.
cially vigorous period of high fluxes of energetic protons oc-  In this paper, model simulations with the Chemical La-
curred from 28-31 October 2003 and a second maximunyrangian Model of the Stratosphere (CLaM$jcKenna
was found between 2—4 November 20Q&¢kman et al. et al, 2002ab; Konopka et al. 20078 will be presented.
20050. Satellite observations by several instruments haveFor the Arctic winter 2003/2004 we analyze the long-term
shown that these SPEs have significant effects on the compampact of enhanced NQin the mesosphere caused by the
sition of the Arctic stratosphere and mesosphere. After theaxtremely strong SPEs in October—-November 2003 and the
SPEs, ozone depletion signatures associated with significardffect of the mesospheric intrusion in early 2004 on strato-
enhancements of NO(=NO + NQ;) (e.g. Seppla et al, spheric ozone budget. Here we focus on the impact of en-
2004 Lopez-Puertas et al2005a Rohen et al.2009, of ~ hanced NQ on ozone loss caused by downward transport
several NQ components like HN@or N2Os (e.g.Lopez-  from the mesosphere into the stratosphere, whereas enhance-
Puertas et al2005h Orsolini et al, 2005, and of HG and  ments of different NQ species below 55 km down to a 30 km
ozone depletion signatures associated withyH& g. De-  altitude observed immediately after the SPEs (é.@pez-
genstein et al.2005 von Clarmann et al.2005 Verronen  Puertas et al20050) due to the local production of NCare
et al, 200§ were observed in the upper stratosphere andhot considered.
lower mesosphere.
Further, upper stratospheric and mesospheric enhance-
ments of NQ were observed at high northern latitudes in 2 The model study
early 2004 (e. gLbpez-Puertas et aR005a 2006 Randall
et al, 2005 due to downward transport of upper atmospheric To study the impact of the downward transport of enhanced
NOy produced throughout the winter by auroral and precip-NOy in the Arctic winter 2003/2004 on the stratospheric
itating electrons Funke et al. 2007). Results byRandall ~ ozone budget, full chemistry studies were performed with
et al. (2009 confirm that the impact of EPP on the atmo- the chemical transport model CLaMS (e.l§anopka et al.
sphere is modulated by meteorological conditions; their re-2003 Grool} et al.2005. The simulations cover the altitude
sults suggest that a stronger vortex leads to increasing NOrange from 350—-2000 K potential temperaturel§—50 km
values in the stratosphere caused by the descent gfrfid®  altitude). The horizontal and vertical transport is driven by
air masses from the mesosphere and thermosphere within BCMWF winds and heating/cooling rates derived from a ra-
well-isolated vortex. diation calculation. The mixing procedure uses the mixing
In fact, the dynamic situation of the Arctic winter parameter as describedKionopka et al(2004) with a hori-
2003/2004 was very anomalous. A major warming begin-zontal resolution of 200 km and a vertical resolution increas-
ning in late December 2003 led to nearly 2 months of vortexing from 3km at around 350 K potential temperature to ap-
disruption Manney et al.2005. The upper stratospheric proximately 13km at around 2000 K potential temperature
vortex broke up in late December, but began to recover byaccording to the model set-ugdgnopka et al.20078. The
early January. In February and March it was the strongeshalogen, NQ, and HQ chemistry is included mainly based
since regular observations began in 1979. The lower stratoen the current JPL evaluatio®s#&nder et al.2006. Before
spheric vortex broke up in late January, split into two frag- the first SPE occurred, the model was initialized at 4 Oc-
ments on 1 February and the fragments coalesced again kpber 2003 with mainly MIPAS observations (V30) from
17 February. Thus the period when the vortex was strong irB—5 October 2003 (CH CO, N,O, Oz, NO, NGOy, N2Os,
the upper stratosphere but very small and weak in the loweHNO3, H>O, and CIONQ) processed at the Instituifif Me-
to middle stratosphere was quite uncommbtafney et al. tereologie und Klimaforschung Karlsruhe (IMK) and at the
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Instituto de Astroifsica de Andalui@ (IAA), Granada, Spain. 3 Model results
CFC-11 was provided by L. HoffmanrHbffmann et al,
2007). Some species measured by MIPAS are not availableTo facilitate an analysis of the downward transport in
over the full model altitude range, therefore these data are inCLaMS, a mesospheric tracer (MS) is implemented in the
terpolated to typical tropospheric and mesospheric values anodel which is initialized with 100% at the upper boundary
the lower and upper boundary, respectively. Other specieand with zero below. During the model simulation this tracer
are taken from the HALOE climatologyGfooR and Rus- is kept constant at the upper and lower boundary with 100%
sell, 2009 (HCI and HF) or from results of a simulation with and 0%, respectively. This tracer quantifies the percentage of
the Mainz 2-D modelGidel et al, 1983 Grool3 1996. For air originating from the upper boundary at 2000 K potential
all species the lower boundary conditions at 350K are takeriemperature. Figure 1a shows that the influence of the upper
through the course of the simulation from these initial values.boundary and mesosphere, respectively, extends downward
In the model, the flux of enhanced N@&om the meso- to about 600-700 K potential temperature from February un-
sphere is implemented in the form of the upper boundarytil June 2004, i. e. slightly above the region where halogens
conditions at 2000 K potential temperature50km alti-  typically effectively destroy ozone in the Arctic polar win-
tude), which are updated every 24 h. The N@nstituents  ter. Strong downward transport from the mesosphere down to
NOy, N2Os, HNO3 and the tracers CH CO, H0, NxO, 900 K (MS=80%) occurs at the beginning of January caused
and Q are taken from results of a long-term simulation by the recovery of the upper vortex in early January. Fur-
performed with the KASIMA model (Karlsruhe Simulation ther, strong transport down to 1000 K (MS=80%) is found
Model of the middle AtmosphereKouker et al, 1999. In at the beginning of March when the vortex was very strong
this KASIMA simulation (T. Reddmann, personal commu- (cf. Sect.1, Manney et al.2009. Figurelb shows that the
nication, 2007), enhanced N@oncentrations in the meso- upper and middle stratospheric temperatures become atypi-
sphere during disturbed periods were derived above 55 kneally low during and after February as also reportedvan-
from MIPAS observations (provided by the European Spaceney et al.(2005. The lower stratospheric temperatures re-
Agency, ESA). main extremely high after the major warming. The final
In addition to this CLaMS reference model run (referred to warming and the vortex breakup did not occur until end of
as “ref” run), a model simulation without an additional NO  April 2004, which is very late compared to other winters
entry (i.e. no NQ, N2Os, and HNQ) was performed at the (WMO, 2007). Figurelc shows clear signatures of enhanced
upper boundary. Because most @& the upper boundary NOy, which start in October 2003 caused by the large SPEs
is NOy, in the following we refer to this simulation without in October—November 2003 and propagate downwards from
an additional NQ source at the upper boundary as “nolO 2000 K to about 800 K potential temperature. Further, Eyg.
run. In addition, to estimate the possible maximum impact ofshows that model signatures of increasedyNilDFebruary
NOx on stratospheric ozone loss, we derive a maximung NO and March due to downward transport of upper atmospheric
entry at the upper boundary condition from several satelliteNOx produced throughout the winter by auroral and pre-
measurements of NO and N®y the MIPAS instrument on  cipitating electronsKunke et al. 2007 propagate down to
board the ENVISAT satellite (provided by IMK/IAA)Ris-  approximately 800 K-900K until March 2004. Figutel
cher et al, 2007, by the HALOE instrument on board the shows NQ without mesospheric NPsources as simulated
UARS satellite Russell et a.1993, and by the ACE-FTS in the “no NQ” run. Here a typical seasonal variation of
instrument on board the SCISAT satellitBefnath et al. NOy can be seen that is not disturbed by an additional down-
2005. To this end, we modify the upper boundary conditions ward transport.
derived from KASIMA. For each day at the upper boundary In our studies we found enhanced NOf about 20 ppbv
the NQ; mixing ratios for equivalent latitudes greater than or transported downwards to approximately 1200K potential
equal to 60 N are replaced by the maximum N®alue ob-  temperature & 38km) until the end of March 2004 for
served by any satellite instruments within°é@hd 90 N at equivalent latitudes greater than °M0 (see Fig.1d). Ran-
2000 K potential temperature on that day, or by the maximumdall et al.(2006 analyzed N@ enhancements in early 2004
NO or NG, value if no NQ, measurement is available for measured by ACE-FTS. They found N@nhancements in
this 24 h period. For days where no satellite observations ar¢he range of 20 ppbv transported downwards until the end
available we take the maximum NQlerived by KASIMA  of March 2004 in altitude regions around 40 km poleward
on that day. This model simulation is referred to as “max of 50°N (Randall et al.2006 (Fig.1). Further, a study by
NOy” run. Randall et al (2009 based on numerous satellite measure-
ments (mainly HALOE, SAGE I, POAM Il & Ill) show that
a systematic descent of N@ich air occurred in the vortex
that led to NQ-enhancements in the upper stratospheric vor-
tex from March to May 2004. The anomalies declined as
the vortex broke up, but were still evident even in July 2004.
The model simulations presented here show similar results
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as shown in Figlc. Thus experimental results confirm the production in the descending mesospheric air is only coun-
descent rate of NQrich air masses in the model simulations teracted to a certain extent by ozone loss caused by the very
presented here. high NQ intrusion from the mesosphere. In the Arctic po-
lar vortex in winter 2002/2003, only small enhancements of
NOx were found in the stratosphere, but enhanced ozone was
found in an intrusion of mesospheric air descending into the

The accumulated chemical ozone changed§) shown
in Fig. 2c is derived from the difference between the sim-

ulated (see Fig2a) and passively transported (see Fib) lower stratosphereMuller et al, 2007). The fact that air

ozone. It allows the quantification of the chemical contri- S .
. . . masses originating from the mesosphere are characterized by
bution to ozone change during the winter. From late Jan-

-~ : . enhanced @values is consistent with our simulations show-
uary on, meridional transport of ozone-rich air from low- . o ) T
latitudes into the polar regions yields high ozone mixing INg 0zone p_roductlon in the descending mesospheric air for

: the Arctic winter 2003/2004.

ratios of up to 5-6 ppmv between 500-800K (see Eh.
caused by the vortex disruption in late January and the very Besides NQ-induced ozone loss, halogen-induced and
weak lower stratospheric vortex during February and MarchHOx-induced ozone losses also have an important impact
(cf. Sect.1). Below about 800K, accumulated ozone loss on polar ozone loss processes. However, halogen-induced
dominates the ozone evolution during the winter and earlyozone loss played a minor role during the winter 2003/2004,
spring (see Fig2c). Here, about 0.5 ppmv of accumulated because the lower stratospheric temperatures were unusually
ozone loss is simulated from December 2003 until Febru-high due to the vortex disruption in the lower stratosphere
ary 2004 and about 1.0-2.0 ppmv in March and April 2004. at the end of January. An analysis of ECMWF temperature
Above about 800K, accumulated ozone production domi-data shows that PSCs could only occur during December
nates the ozone evolution during the winter and early spring2003 and January 2004 between approximately 400-800 K
(see Fig2c). The accumulated ozone production is strongestpotential temperatures (see Fg). Limited to this time pe-
in late February and early March and yields values of up toriod the model simulates a small chlorine activation of up to
4 ppmv between 1300-1700 K. Here the accumulated 0zon&00 pptv CIQ (see Fig.4a). Note that chlorine activation
production increases because the sunlight returns after this only confined to the lower part of the region where most
polar night. Our findings show that above 800 K the impactozone depletion occurred in this time period (see Bly.
of highly enhanced NQvalues in the stratosphere due to This is consistent with results obtaineddygel et al.(2003
downward transport from the mesosphere on ozone is smaknd Konopka et al. (20073, who found that N@-induced
since these N@values do not yield accumulated ozone loss ozone loss occurs slightly above the region where halogens
as in altitudes below 800 K. Thus, above 800K, the ozonedestroy ozone in the Arctic polar winter. Consequently, the
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Fig. 2. Mean distributions, poleward of 7N equivalent latitude,
of (a) ozone,(b) passively transported ozone4¥), and (c) the ac-
cumulated chemical ozone change(;=03—03*) from the refer-
ence simulation performed with CLaMS.

ozone loss between 500-800K is not only driven by IO
chemistry. Above 800K, the ClQaltitude profiles have a
maximum at around 1600 K potential temperatued 8 km)
during sunlight conditions. During polar night conditions the
CIlO mixing ratios are low in these altitudes (see Hag). In
general, the destruction of ozone is mainly driven by,Ni©
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Fig. 3. Time series of the areas of potential PSC occurrenggh
derived from ECMWF temperatures angdr estimate. The color
code indicates that the pc are very small compared to a cold
Arctic winter where Abgc up to 22« 10°km? can occur Tilmes
et al, 2009.

4 Intercomparison of model results with satellite obser-
vations

4.1 NGO mixing ratios

To compare our simulated NAnixing ratios with satellite
observations conducted by MIPAS (processed at IMK/IAA;
version: V3QNO_9 and V3QNO,_9) and ACE-FTS (V2.2)
the model results were interpolated to the locations of the
observations. Figur® shows the mean deviations of the
simulated NQ mixing ratios from the satellite observations.
The mean deviations are calculated for bins with an altitude
range of 200 K potential temperature and for equivalent lat-
itudes poleward of 7ON. Figure5 shows that the reference
run (top row) yields lower NQ mixing ratios than observed
by satellites for the upper levels. This effect is still small
at about—15% in November {5 ppbv at 1800 K-2000 K)
and increased te-101% (17 ppbv at 1600 K-1800 K) and
—151% (19 ppbv at 1800 K-2000 K), respectively, in De-
cember. In January, no satellite data are available poleward
of 70° N equivalent latitude for these altitudes. In February a
deviation of up t0—129% (77 ppbv at 1800 K-2000K) is
found from ACE-FTS measurements. In March the deviation
is even as much as398% (121 ppbv at 1600 K-1800 K)
and —379% (—136 ppbv at 1800 K—2000K) measured by
MIPAS and up to-146 % (—76 ppbv at 1600 K—-1800 K) and
—202% (129 ppbv at 1800 K—2000 K) measured by ACE-
FTS. The underestimation of upper stratospherig NCthe
reference run during periods of enhanced transport of-NO

the middle stratosphere with the absence of PSCs, whereaich air masses from the mesosphere into the stratosphere in-
HOy-induced ozone loss plays an important role in the low- dicates that the NOmixing ratios prescribed at the upper
ermost stratosphere and in the upper stratosphere and meseundary are too low. As shown above, this effect is very

sphere, respectively.

www.atmos-chem-phys.net/8/5279/2008/

small during the SPEs in October—November, but larger a
few weeks after the SPEs in December and enormous dur-
ing the strong mesospheric intrusion in February and March
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068 IMK/IAA retrieval code (Funke et al.2005, which allows,
0.60 in contrast to the ESA operational processor, accurate infer-
0.53 ence of NQ volume mixing ratios giving consideration to all
0.45 important non-LTE processes. The findings of a validation
0.38 study of MIPAS-ENVISAT NQ operational data byVetzel
0.30 et al.(2007) show that large differences appear between both
0-23 retrieval results. Especially at higher latitudes above about
2(‘; 50 to 55km in February and March 2004 the N@alues
————— : —m———— 0.00 provided by ESA are lower than by IMK/IAA. This is ex-
01.11.03  01.01.04 010304  01.05.04 actly the region where N©Omixing ratios for the KASIMA
simulations are derived from MIPAS observations. Below
this altitude region mean differences between both proces-
sors are up to 40% under perturbed polar night conditions in
February and March 2004.

To study the impact of the underestimation of Nixing
08 ratios at the upper boundary, we perform sensitivity tests with
0.0 modified upper boundary conditions. At the upper boundary
1 all NOy mixing ratios for equivalent latitudes greater than
] I -1 or equal to 60N are replaced by the maximum N®alue
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derived by the IMK/IAA-MIPAS retrieval code (V3ONO_9
40 and V3QNO,_9), observed by HALOE (V19) or by ACE-
FTS (V2.2) as described in Segt. In general for this “max
Fig. 4. (a) Time series of the mean distribution of activated chlorine NO,” run the S|mula’Fed N@mixing ratlos_at the upper lev-
(CIOx =ClO +2x Cl,0,) poleward of 76 equivalent latitude for the e!s are somewhat higher than the satell'lte. obgervatlons (see
reference model run. Par(e) shows the chemical ozone change in F1g- 5, bottom row). In February the deviation is up to 51%
the same way as Figc, but with contour lines of the mean dis- (154 ppbv at 1600 K—-1800 K) and 77% (163 ppbv at 1800 K-
tribution of CIO. It is clearly shown that the region of chlorine 2000 K) and in March only up te-15% (7 ppbv at 1600 K—
activation caused by PSC occurrence is mainly in the lower part ofl800 K) and 5% (33 ppbv at 1800 K—2000 K) measured by
the region where most ozone loss occurred at that time. MIPAS and up to 38% (107 ppbv at 1600 K-1800K) and
33% (116 ppbv at 1800 K—2000 K) measured by ACE-FTS.
This is because at the upper boundary thexNxing ra-
2004. Thus, these deviations are found during periods otios for equivalent latitudes greater than or equél MGare
strong downward transport of NGrom the mesosphere into  mainly replaced by the maximum NGQvalue observed by
the stratosphere. This means that in the KASIMA long- satellites on that day (see Se2t. Thus for the “max N’
term simulations the N@mixing ratios are underestimated run the CLaMS NQ values are clearly on average higher
at around 2000 K potential temperature50 km altitude).  than the satellite data as expected. Further, significant dif-
These large differences in Netween the KASIMA sim-  ferences occur between the mean deviation calculated with
ulations and the MIPAS IMK/IAA observations are mainly IMK/IAA-MIPAS and ACE-FTS observations. Since NO
due to the fact that in KASIMA N@ nighttime measure- decays from the vortex center towards the vortex boundary
ments provided by ESA are used as a proxy foryNOn in the reference run while it remains constant in the “max
the lower mesosphere, NO and pl@re not in a steady state. NOy” run, differences in the spatial NOdistribution be-
Thus, at the local time of MIPAS nighttime measurementstween the reference and the “max NQun are most pro-
(10 pm) NO is only partially converted to NQria NO+Cs. nounced in the outer part of the vortex, i.e. the region where
Further, transport of NO from illuminated regions into the ACE-FTS observations were taken. This is because the so-
polar night region can act faster than photochemical NOlar occultation technique is used by ACE-FTS observations
losses, which leads to a significant NO contribution even dur-and therefore no profiles during polar night conditions can
ing polar night. In consequence, the average NO contributiorbe derived in contrast to the MIPAS measurements. A re-
to NOy at 55 km depends on the availability of ozone and oncently reported validation between MIPAS and ACE-FTS
the extension of the polar night area. Therefore;Niight- measurements yields a good agreement of the Mélues in
time measurements are clearly a lower boundary fox, NO the frame of these exceptional atmospheric conditions in the
Further, two retrieval codes are used. For the KASIMA long- Artic winter 2003/2004 Kerzenmacher et al2007). Nev-
term simulations the ESA operational procesg®agpollini  ertheless, the “max NO run represents an upper limit for
et al, 2006 is used because more NM@ata are available, the additional NQ entry at the upper boundary compared to
which is essential to perform the simulations. The obser-both MIPAS and ACE-FTS observations.
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Fig. 5. The mean deviations of the simulated f@ixing ratios from MIPAS observations processed at IMK/IAA (red) and from ACE-FTS
observations (blue, from January 2004). The mean deviations are calculated for bins with an altitude range of 200K potential temperature
and for equivalent latitudes poleward of°M. In the columns, the mean deviations from October 2003 until March 2004 are shown. In the

top row the results for the reference run and in the bottom row the “maxX M are shown. The standard deviation of the mean deviations

is indicated by error bars. We note that for February 2004 ng t&da from MIPAS processed at IMK/IAA are available. The plot symbols

are shifted by a small range in the y-direction to distinguish more easily between MIPAS and ACE-FTS observations.
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Fig. 6. As Fig.5, but for ozone.

For the MIPAS measurements in the lower and middlelar vortex as found byray et al.(2002. The corresponding
stratosphere (below about 45km), an overall accuracy ofatchy CLaMS distribution of NQand ozone at levels below
about 10-20% is indicated for N(provided by IMK/IAA- 2000K (see Fig7, middle and bottom panels) is mainly due
MIPAS, but in cases of extremely high NOGn the meso-  to a strong differential descent, i.e. adjacent air parcels expe-
sphere, uncertainties in N(between 10-30% are derived rience different diabatic descent due to strong and spatially
(Funke et al.2005. inhomogeneous descent rates at these altitudes. The CLaMS
mixing algorithm preserves these inhomogeneities, which is

In CLaMS the spatial distributions of NGand ozone are dgonsistent with satellite observations as shown in Fig.

very homogeneous at 2000K caused by the upper boun
ary conditions taken from KASIMA results (see Fig.top Further, Fig.7 illustrates, as discussed before, that ACE-
panel). In contrast, NQand also ozone are distributed FTS and IMK/IAA-MIPAS NG, at 2000 K are much higher
very inhomogeneously at levels below (see Fig.mid- than the CLaMS reference run. On 18 March 2004, the max-
dle and bottom panels). Even if these spatial distributionsimum NGO, mixing ratio measured by MIPAS and ACE-FTS
are highly inhomogeneous, these inhomogeneities are eris 328 ppbv and 216 ppbv, respectively, at 2000K. That is
hanced during the downward transport mainly within the po-a factor of 2—3 higher than the NOvalues simulated by
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Fig. 7. Horizontal view of NG and G; at 2000 K, 1600 K, and 800 K potential temperature for the reference model run. The isolines for the
equivalent latitude at 60N and 70 N are marked by white lines. The model results and satellite observations (IMK/IAA-MIPAS: circles
and ACE-FTS: diamonds) are shown for noon time. We note that all INiRing ratios beyond the scale are also plotted in red.
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the CLaMS reference run for that day. Nevertheless, Fig. where the largest discrepancies between simulated and ob-
shows that simulated and observed ozone mixing ratios arserved NQ occur (cf. Sect4.1) the simulated @ agrees
in very good agreement for that day (see additional scattebest with the reference run. For these months simulated O
plots in the supplemeritttp://www.atmos-chem-phys.net/8/ values in the “max N¢' are clearly lower than the satel-
5279/2008/acp-8-5279-2008-supplemenipitfle will dis- lite observations. Thus the “max NOrun is a clear lower
cuss this in the next section in more detail. Finally, Fg. limit for O3 compared to satellite observations. Furthermore,
shows that an equivalent latitude of°@9 describes very Fig. 6 shows that enhanced N@t the upper boundary has
well the areas of enhanced N@nixing ratios because the an impact on the @mixing ratios over the whole altitude
enhancements depend on the downward transport gf, NO profile (cf. below, Sect5). Finally, it is shown in Fig6 that
which in turn depends on the vortex strength. the ozone mixing ratios at the upper boundary (i.e. in the
To summarize, we compared the results of two model sim-KASIMA model) are somewhat too low compared to satel-
ulations with the observations: the reference run yieldedlite observations.
rather lower NQ mixing ratios than observed and the “max  In general, differences between observations conducted by
NOy” run yielded in general clearly higher NOmixing IMK/IAA-MIPAS or ACE-FTS and the CLaMS simulations
ratios and a larger area of enhanced yN@ixing ratios  increase with altitude, but the form of both altitude profiles
compared to satellite observations. Thus these two simis very similar. This is consistent with the fact that above ap-
ulations represent a lower and a clear upper limit of theproximately 40 km altitude ACE-FTS reports larger volume
real distribution and absolute values of N@vithin the  mixing ratios than ESA-MIPAS by up to 40%6rtesi et al.
Arctic polar vortex (see additional discussion of discrepan-2007). The length of the error bars in Fi@.indicates the
cies between MIPAS and simulated N®elow 750K in  variability in the difference between simulated and observed
supplementhttp://www.atmos-chem-phys.net/8/5279/2008/ O3 values.

acp-8-5279-2008-supplement.jpdf In summary, the comparison between simulated and ob-
served 0zone mixing ratios confirms that the “maxN@in
4.2 O3 mixing ratios is an upper limit case which overestimates the strength of

the NQ intrusions at the upper boundary and underestimates
To compare our simulated 0mixing ratios with satel- the ozone mixing ratios, i. e. thes@estruction in this model
lite observations conducted by IMK/IAA MIPAS (Version: runis too high compared to IMK/IAA-MIPAS and ACE-FTS
V30.03.7 to V30.039) and ACE-FTS (V2.2 update) measurements. Thus, the reference run yields the best agree-
(Dupuy et al, 2007 we calculate the mean deviations of ment with G satellite observations.
the simulated ozone mixing ratios from the satellite obser-
vations as in Sect.1for NOx mixing ratios. A comparison
between MIPAS ozone data retrieved by the IMK/IAA pro- 5 Ozone loss
cessor with several ground-based, balloon-borne, and satel-
lite instruments for stratospheric ozone yields mean differ-To answer the question of what is the quantitative influence
ences of generally=10% (Steck et al.2007). A currently  of the mesospheric NOsources on stratospheric ozone loss,
reported validation of ozone from ACE-FTS (V2.0 update) CLaMS simulations with and without a mesospheric,NO
with MIPAS ESA ozone found that thesQlata are within ~ source at the upper model boundary are compared. For
+10% between 10-42 km altitude, but increase above thighe reference model run the respective differences of NO
range, with ACE-FTS reporting larger volume mixing ratios (AzpdNOx) and G (AapO3) shown in Fig.8a and b quan-
than MIPAS by up to 40% at around 53 km altitudeoftesi tify the increase of N@Qand the ozone loss triggered by the
et al, 2007). Figure6 shows that for October 2003 the sim- intrusion of mesospheric air. The strong enhancements of
ulations and the observations of @gree over all altitudes, NOy in November/December 2003 and in February/March
as expected because the simulations are initialized with MI-2004 are clearly visible in FigBa. The highest mean values
PAS observations. From November until March 2004 the(70°—9C° N equivalent latitude) of additional NQare up to
simulations and the observations are in very good agreemerapproximately 115 ppbv and occur at the upper boundary in
for the reference run, except at the upper levels. Here inrMarch 2004. The spatial distribution betweag,dNOy and
general the mean deviation at the upper level until Febru-Aap{O3 correlates fairly well. The strongest impact of en-
ary increases up te-45% (—0.9 ppmv, IMK/IAA-MIPAS) hanced NQ on Oz mixing ratios is found in January between
and —97% (—1.9ppmv, ACE-FTS), respectively. How- 850K and 1100K potential temperature. Here, as shown be-
ever, in March 2004 the mean deviation at the upper levelfore (cf. Sect.3), there is a strong downward transport due
is only —10% (—0.08 ppmv, IMK/IAA-MIPAS) and—72%  to the recovery of the upper vortex occur that causes up to
(—1.4 ppmv, ACE-FTS), respectively. The “max NQun 1ppmv (28%) lower ozone mixing ratios than in the “no
yields in general smaller ©mixing ratios than in the ref- NOy” run. Further, during the period of the very strong upper
erence run, because the N@duced ozone loss is higher vortex in February and March 2004 (cf. Sejtour model re-
in the “max NQ,” run. Thus in February and March 2004, sults show up to 0.6—-0.7 ppmv (17%) lowes @ixing ratios
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at the end of March 2004 between 1300 K and 1700K poten- = - E
tial temperature. Furthermore, from the beginning of March 8. . 3
onwards a small impact of enhanced Néh ozone is found 011003 01.01.04 01.04.04 01.07.04
down to 400 K potential temperature (17-18 km altitude). Fig. 9. (a) Top panel: Column ozone (in Dobson units) with

The enhanced NOmixing ratios also have an impact on (red), without (blue), and with maximum (yellow) mesospheric
HOy. The spatial distribution of the minima and maxima be- NOy sources integrated over the entire simulated altitude range
tweenA gpO3 andA ;pHOy correlates fairly well (not shown  from 350K to 2000 K £14-50 km) for equivalent latitudes pole-
here). Up to approximately 150 pptv (112%) lower (i@ix- ward of 70 N. Middle panel: Ozone loss in DU for these model
ing ratios than in the “no N@ run are found in January be- runs. Bottom panelAOg caused by the additional NGsource at
tween 850K and 1100 K potential temperature. That meanghe upper boundary. Shown is the ozone column of the “ng'NO
the HQ,-induced ozone loss is lower in the reference run than'un Minus the ozone column of the “ref” (red) and the “maxyNO
in the “no NQ;” run. run (yellow). (b) same as (a)_, but for an altitude range from 350 K

. . to 700K (14—27 km) potential temperature.

The impact of mesospheric NGources on the column
ozone is shown in Fig9a (top panel) integrated over the
entire simulated altitude range=14-50km). The column
ozone is shown in red for the reference model simula-final warming occurred at the end of April 2004 resulting in
tion (“ref”), in blue for the simulation without mesospheric transport of mid-latitude air masses to the pole that have en-
sources (“no NG), and in yellow for the run with a max- countered less chemical ozone depletion. In Bag(bottom
imum NGO source (“max NQ"). The corresponding ac- panel) the ozone losses attributed to enhanced mesospheric
cumulated column ozone loss in the stratosphere calculateMOy intrusion are shown. This value is calculated from
from the simulated @values minus the passively transported the difference between the “no NOrun and the reference
ozone (as shown in Fi@) is shown in Fig9a (middle panel).  run (red) and the “max NQ run (yellow), respectively. At
Until the end of April a column ozone loss of up to ap- the end of March the ozone loss attributable to mesospheric
proximately 80 DU is simulated for the reference run and NOy intrusion in early 2004 is up to 10 DU (equivalent to
up to approximately 90 DU for the “max NOrun. There-  ~3% of the ozone column) for the reference run and up to
after the column ozone loss strongly decreases because tl&8 DU (equivalent te<6% of the ozone column) for the “max
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NOyrun (see Fig9a, bottom panel). That means that nearly  For cold Arctic winters an accumulated ozone loss in the
twice the ozone loss occurs in the “max N'@un than forthe  lower stratosphere was derived in the range of about 100 DU
reference run. Further, Fi§a (bottom panel) showaOs of (e.g.Rex et al, 2004 Tilmes et al, 200§. Thus in cold Arc-
approximately 19 DU at the end of May. This is after the fi- tic winters with strong halogen-induced ozone loss the im-
nal warming occurred at the end of April. This feature showspact on the column ozone of enhanced mesospherjcudd
that enhanced mesospheric f@lues still have an impact ues as analyzed in this work would be very small. Moreover,
on ozone chemistry even during the change from polar win-Fig. 9b (bottom panel) shows that enhanced mesospheric
ter to summer conditions. Thus we conclude that the colummNOy values have an impact on ozone loss below 700 K from
ozone loss in the stratosphere at the end of March assigneahid-February during the period of the very strong upper
to mesospheric NQsources is about 10 DU, but lower than stratospheric vortex. Thus in the lower stratosphere (350—
18 DU. The column ozone loss in the stratosphere caused by00 K) the non-local production of NOcaused by SPEs of
the solar protons producing NGat altitudes above 55km October—November 2003 have a negligibly small impact on
in October—November 2003 is up to 3.3 DU with an upper ozone loss.
limit of 5.5 DU in mid-November. These absolute values are In our simulations, the enhancements of different,NO
small compared to the ozone loss in spring 2004 caused bgpecies below 55 km down to 30 km altitude observed im-
the mesospheric Ndntrusions, but their fraction of the total mediately after the SPEs (e.lgopez-Puertas et a0050
accumulated ozone loss that occurred until mid-November isaused by particle precipitation reaching the stratosphere are
up to 36% and 48%, respectively. not considered. The impact of local N@roduction on polar

The presented column ozone loss in the stratosphere is d@zone loss is considered in a studydackman et a(20058),
rived for equivalent latitudes greater thar? M The impact  where the influence of the solar proton events in October—
of mesospheric enhanced N@ strongest for high equiva- November 2003 is simulated with a 2-D CTM. They calcu-
lent latitudes because the downward transport depends on thated a total column ozone loss of 0.4% (1.5DU) in mid-
vortex strength. Therefore choosing a wider latitude range tatNovember 2003 increasing to about 1.1 % (4.1 DU) between
analyze the average column ozone loss yields lower colummid-February and the end of March 2004 for latitudeg(®
ozone loss. N, which is caused by the October—November 2003 SPEs

Further, we also calculated the ozone loss over the winte(C. Jackman, personal communication, 2008). We derive a
and the ozone loss caused by mesospherig Biidirces for  column ozone loss of about 3.3 DU, but lower than 5.5 DU in
the lower stratosphere over an altitude range from 350 K tomid-November caused by the solar protons producing NO
700K (=14-27 km, see Fi@b). Here a total ozone loss until at altitudes above 55km in October—November 2003. The
end of April of up to 68 DU for the “ref” runand up to 72 DU  reason for this discrepancy is not clear at the present, but the
for the “max NOX” run is found. A maximum column ozone representation of diabatic descent in the vortex and vortex
loss at the end of April assigned to mesospherigN@urces  confinement are rather different in a 2-D CTM and in the 3-
is up to 3.5 DU for the reference run and 6.5 DU for the “max D Model CLaMS. The difference might be an indication that
NOx" run, respectively. Unfortunately, no analyses of the po-in mid-November 2003 also the transport of enhanceg NO
lar stratospheric ozone loss for the Arctic winter 2003/2004not caused directly by the SPEs in October—November 2003
exist so far because the halogen-induced ozone loss playsfeom the mesosphere into the stratosphere had an impact on
minor role and yields very low ozone loss over the winter asthe total ozone loss in the stratosphere during this period.
mentioned before. But a three-dimensional model study ofOn an absolute scale, the differences are small and our re-
the Arctic ozone loss in that winter results in ag€hange of  sults support the conclusion lyackman et al(2005h that
approximately 50 DU between 345-670K (poleward of 65 the impact of solar proton events on the northern hemisphere
equivalent latitude) until the end of March and beginning of total polar ozone decreases is small.
April (Feng et al.2005. Our simulations yield 45-50 DU
“ref” run) and 47-52 DU (“max N’ run) until the end of
March and beginning of April. However, the simulation by 6 Summary and conclusions
Feng et al(2009 started at the beginning of December 2003
and our simulations started at the beginning of October 2003The impact of the downward transport of enhanced upper at-
and secondly our analysis is for equivalent latitudes polewardnospheric N@ caused by solar proton events in October—
of 70° in contrast to 65in theFeng et al(2005 study. Nev-  November 2003 and by mesospheric N@trusions in early
ertheless, we can conclude that our simulations are the sam004 produced throughout the winter by auroral and pre-
range as the results yeng et al(2005. Thus our finding  cipitating electrons on the stratospheric ozone budget was
shows that the impact due to enhanced mesospherjoil®  studied by performing model simulations with the chem-
ues on ozone loss processes in the lower stratosphere (350eal transport model CLaMS. Upper boundary conditions
700K) is about 5% but lower than 9% for the Arctic winter were taken from the results of a long-term simulation con-
2003/2004. ducted with KASIMA, where increased NQoncentration

in the mesosphere was derived from MIPAS measurements
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(reference run). For the Arctic polar region (equivalent lat. in this case air masses rich in both ozone andy Ne@re
>70° N) we found that enhanced N@aused by solar pro- transported into the lower polar stratosphere during the major
tons only for altitudes above 55km in October—Novemberwarming that occurred in December 2003 and January 2004.
2003 was transported downward into the middle stratosphere We found that up to 80 DU total ozone loss occurred in
to about 800 K potential temperature30 km) until the end  the stratosphere until the end of April 2004 between 350—
of December 2003. The mesospheric NiGtrusion due to 2000 K potential temperature=(4-50 km). The additional
downward transport of upper atmospheric Nfdoduced by  ozone loss caused by transport of mesospherig-Nebh air
auroral and precipitating electronsunke et al. 2007 af- into the stratosphere is about 10 DU (3%) but lower than the
fected NQ mixing ratios down to about 700 K potential tem- 18 DU (6%) found at the end of March 2004. Due to the
perature £27 km) until March 2004. A comparison of the solar protons producing NOabove 55km during the Hal-
reference run with a simulation without an additional NO loween solar storm event, an additional accumulated ozone
source at the upper boundary shows thattixing ratios are  loss of approximately 3.3 DU (36%) but below 5.5 DU (48%)
affected by transporting high burdens of N@own to about  was simulated through mid-November 2003. Thus the ab-
400K (~17-18 km) during the winter. Locally, an additional solute impact on total accumulated ozone loss of the meso-
ozone loss of the order of 1 ppmv is simulated for January bespheric NQ intrusion in early 2004 is stronger than that of
tween 850-1200 K potential temperature during the period othe SPEs in October—November 2003, but the relative im-
the strong polar vortex in the middle stratosphere. pact is smaller. In the lower stratosphere (350-700Ki—

We emphasize that the enhancements of differeny, NO 27 km), the non-local production of NGaused by SPEs of
species below 55km downward to 30km altitude due toOctober—November 2003 has a negligibly small impact on
the local production of NQobserved immediately after the ozone loss until the end of November and the mesospheric
SPEs (e.gLopez-Puertas et al2005h caused by particle NOy intrusions in early 2004 yield a small ozone loss of
precipitation down in to the stratosphere are not considered imbout 3.5 DU (5%), but lower than 6.5 DU (9%) until end of
our simulations nor is the local production of |Or'hus, in March. Thus, owing to the meteorological conditions, ,NO
our simulations only the transport of enhancedyN@m the  enhancements caused by the mesospherig INtRusion in
mesosphere (upper boundary condition) to the stratosphere msarly 2004 have a stronger impact on ozone loss processes
considered and the local production of Né&nd HG, below in the low stratosphere than the solar proton-produceg NO
55 km altitude is neglected. at altitudes above 55km caused by the October-November

An intercomparison of simulated NGand G mixing ra- 2003 SPEs. Because the strength of the upper stratospheric
tios with satellite observations by ACE-FTS and MIPAS vortex after the major warming in early 2004 is stronger than
shows that the NQ mixing ratios at the upper boundary for the vortex in late 2003, the downward transport of en-
derived from KASIMA simulations are in general too low. hanced N@ from the mesosphere down into the lower strato-
Therefore a model simulation was performed with higher sphere in early 2004 is more effective.
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