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Abstract. The atmospheric chemistry general circulation 1 Introduction

model ECHAM5/MESSy1 has been extended by processes

that parameterise particle precipitation. Several types of parSince the 1980's measurements and models have shown that
ticle precipitation that directly affect NOand HQ con-  under certain circumstances, N@roduced in the thermo-
centrations in the middle atmosphere are accounted for andphere by precipitating low energy electrons (LEE) can be
discussed in a series of papers. In the companion papettansported downward into the stratosphere and there en-
the ECHAM5/MESSYy1 solar proton event parametrisation isgage in catalytic ozone destructioBrasseur and Solomon
discussed, while in the current paper we focus on low energyl 986 Callis et al, 1998 Callis and Lambeth1998 Cal-
electrons (LEE) that produce NGn the upper atmosphere. lis et al, 2001, 2002 Randall et al. 2007 Funke et al.

For the flux of LEE NQ into the top of the model domain 2005. There is emerging evidence that this is an important
a novel technigue which can be applied to most atmospheriprocess amongst several sun-earth connection mechanisms
chemistry general circulation models has been developed angk.g. Rozanov et a).2005. The electrons originate at the

is presented here. The technique is particularly useful forsun and from magnetospheric reservoirs, and precipitate at
models with an upper boundary between the stratopause arfuigh latitudes during times of enhanced geomagnetic activ-
mesopause and therefore cannot directly incorporate uppéty. In terms of stratospheric NOproduction,Funke et al.
atmospheric N@ production. The additional NOQsource (2005 found electrons with energies up to approximately
parametrisation is based on a measure of geomagnetic a80keV, which deposit their energy above 90km, to be the
tivity, the A, index, which has been shown to be a good most relevant. There they lead to the production ofyNO
proxy for LEE NQ interannual variations. HALOE mea- through dissociation and ionization procesdeagch et al.
surements of LEE NQthat has been transported into the 1981). In the polar winter, where the photochemical loss of
stratosphere are used to develop a scaling function whiciNOy is negligible and where the Brewer-Dobson circulation
yields a flux of NQ that is applied to the model top. We de- leads to a downward transport, N@nhancements can be
scribe the implementation of the parametrisation as the subtransported down into the stratosphere and lead to significant
model SPACENOX in ECHAM5/MESSy1 and discuss the ozone loss. This has been termed the energetic particle pre-
results from test simulations. The N@nhancements are cipitation (EPP) indirect effect bRandall et al(2007, in
shown to be in good agreement with independent measuresontrast to the EPP direct effect where Nénd HQ are
ments. A, index data is available for almost one century, produced in the middle atmosphere mainly through highly
thus the parametrisation is suitable for simulations of the re-energetic electrons and protons.

cent climate. Measurements of enhancements of NlOrmed by low
energy electrons (LEE NQ have been made by a grow-
ing number of instruments. The Limb Infrared Monitor of
the Stratosphere (LIMS) observed N@ixing ratios of up

to 175 ppbv in the 1978/1979 winteR(ssell et al.1988.

Correspondence to: The fact that such enhancements of N&cur on a regu-
A.J. G. Baumgaertner lar basis was realized when the Halogen Occultation Exper-
BY (abaumg@mpch-mainz.mpg.de) iment (HALOE) data became available. Such observations

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

2730 A. J. G. Baumgaertner et al.: EPP in EMAC, Nfownward transport

are for example described Biskind et al(2000, Hood and Here, we describe a simple parametrisation foryNx@o-
Soukhare (2006 and Randall et al(2007. Other studies duced by LEE for use in atmospheric chemistry general cir-
of this type includeRandall et al(1998, who showed N@  culation models (AC-GCMs). The combination of the Mod-
enhancements using the Polar Ozone and Aerosol Measuredar Earth Submodel System (MESSy) and the general cir-
ment (POAM lI) instrument an®insland et al(1999, who culation model ECHAMS is briefly introduced in Seétl
reported polar winter Npdescent seen by the Atmospheric Due to the fact that the upper boundary of ECHAM/MESSy
Trace Molecule Spectroscopy (ATMOS) instrument on board(EMAC) in the MA (middle atmosphere) setup is located at
the space shuttle. 0.01hPa, the AC-GCM is well suited for this study. The
An extensive study using the Michelson Interferometer for Parametrisation and its implementation in EMAC in form of
Passive Atmospheric Sounding (MIPAS) on board ENVISAT the submodel SPACENOX are described in Séc2 The
by Funke et al.(2005 clearly showed N@ enhancements evaluation and the discussion of the results are presented in
in the 2003 Southern Hemisphere winter stratosphere with>ect.3.
mixing ratios of up to 200 ppbvSepla et al.(2007) used
GOMOS and POAM Il measurements to show that the de-
scent of LEE NQ can be a major contributor to stratospheric
NOx enhancements also in the Northern Hemisphere. 2.1 ECHAM5/MESSy1

Only recently studies have been able to argue conclusively
that stratospheric NPenhancements due to LEE are linked The ECHAM/MESSy Atmospheric Chemistry (EMAC)
to geomagnetic activity. Such results are for example pre-model is a numerical chemistry and climate simulation sys-
sented inSiskind et al (2000, Hood and Soukhare{2008, tem that includes submodels describing tropospheric and
andRandall et al(2007. As a measure for global geomag- Middle atmosphere processes and their interaction with
netic activity often thed , index is employed. The, index ~ oceans, land and human influencésckel et al, 2006. It
is derived from magnetic field component measurements a¥ses the first version of the Modular Earth Submodel System
13 subauroral geomagnetic ObservatorMajaud 1980 (MESSyl) to link multi-institutional computer codes. The
In addition to geomagnetic activity, meteorological con- core atmospheric modgl s th(_a 5th generation European Cen-
ditions can have a significant effect on the amount ofyNO tre Hamburg general circulation model (ECHAMSpeck- .
found in the polar stratosphere. A stronger and better isolated®" ©t al.(2009). The model has been shown to consis-

polar vortex enhances the descent of N@m the meso- tently simulate key atmospheric tracers such as oziiuké!

sphere and thermosphere. Especially in the Arctic, whereet al, 2009, water vapourl(elieveld et al, 2007, and lower

dynamical variability is greater than in the Southern Hemi- and middle stratosphe_ric NQBruhl et al, 2007. _For the
sphere, this can occasionally lead to pronounced; KO- present study we applied EMAC (ECHAMS version 5.3.01,

hancements that are not linked to geomagnetic activity, ag\/IEShSy.velrstlon 1'?) In tP$AL42L90MA-re§Q Iut;on, I-€. V(;”tht.
has been shown dgandall et al(2006). a spherical truncation o (corresponding to a quadratic

. , gaussian grid of approximately 2.8 by 2.8 degrees in latitude
Treatment of an additional NGsource in the mesosphere 5 |ongitude) with 90 vertical hybrid pressure levels up to

and thermosphere in models has been neglected apart o g1 hpa. This part of the setup matches the model evaluation
very few sensitivity studies.Siskind et al.(19979) used a  gy,qy pyJockel et al(200§. Enabled submodels are also the
two-dimensional chemical transport model which included g5 e as idockel et al (2006 apart from the new submodels
E-region chemistry and an ionization source due to auroraspe and SPACENOX. a more detailed treatment of the so-
particles. However, problems with the model dynamics pre-jor yariation in the photolysis submodel JVAL, and the sub-
vented a good agreement with HALOE data. A very recentg,nmodel FUBRadNissen et al. 2007, a high-resolution
study byVogel et al.(200§ shows Arctic Winter 2003/04 gt \wave heating rate parametrisation. The submodel SPE
ozone loss resulting from mesospheric NOThe CLaMS 5 jescribed in the companion pap@a(imgaertner et al.
model in combination with MIPAS satellite data were em- 2009, SPACENOX is described here. The chosen chem-
ployed and a significant impact on stratospheric 0zone aggiry scheme for the configuration of the submodel MECCA1
well as on total column ozone were found. An idealised sander et a1.2009 is simpler compared to the configura-
NOy source in the upper mesosphere representing relativistigion in Jsckel et al.(200§. For example, the non-methane
electron precipitation (REP) was implemented into the Fre'ehydrocarbon chemistry is not treated at the same level of
Universi@t Berlin Climate Middle Atmosphere Model with  yotail The complete mechanism is documented in the sup-
online chemistry (FUB-CMAM-CHEM) by.angematz etal. pjement to this paper 4ttp:/www.atmos-chem-phys.net/9/

(2009H. Although the source was likely to be overestimated, 2729/2009/acp-9-2729-2009-supplement.zip
the results showed that the mechanism is important for ozone

chemistry. A positive response was reported for ozone at
high latitudes at 40-45km, and a negative response for the
tropical lower stratosphere.

2 Model description
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2.2 The submodel SPACENOX 32

The focus of this work is to study the interannual variability
of LEE NGO, and its temporal and spatial behavior during the
polar winter.Randall et al(1998, Randall et al(2007) and
Siskind et al(2000 have shown that th& , index is in gen-
eral sufficient to describe measured interannual variations in
the southern polar vortex. Neither seasonal nor interannual .
variations of the transport between the source region and theg o, |
model top, i.e. the lower thermosphere (LT), can be captured2 ¢
if the A, index is used as the only input variable. Seasonal S 120]
variations of this transport are in the model parametrised us-E 0.80]
ing a sinusoidal time dependency (see below). Interannual= .|
variations of transport in the LT are not considered, based on 00 e
the fact that a good agreement between interannual variations 1992 1994 1996 1998 2000 2002 2004
of A, and stratospheric NOenhancements was found by the
authors mentioned above, and because of the lack of a longig. 1. Top: May-July averagd , index, bottom: LEE NQ de-
term dataset for vertical transport in the lower thermosphererived from the A, index (black line) and maximum annual LEE
In the mesosphere, which is mostly captured by the modelNOy after RO7 (red line).
and the stratosphere, variations in the strength of the South-
ern Hemisphere polar vortex are known to be small, but any
interannual variations present in the model do not correlatevas fitted to the amount of average annual excesg b
with observed vortex strength because the model simulation!W 45 km presented in RO7 (their Fig. 9), derived there from
presented here are not relaxed to observations. Other forcleviations from the standard low NQersus low CH rela-
ings, such as sea surface temperatures and chemistry boungn- Using a least squares fitting algorithm this yields the
ary conditions, are not sufficient to reproduce observed vorfunction
tex variability, such as the sudden warming in 2002. _ _

For the Northern Hemisphere, where dynamic variability fiee-Nox(Ap) = A% 1.04x 107% 1GM. @

is much more pronounced than in the Southern Hemisphereygte that sincet , is dimensionless the scaled result is multi-
less evidence exists for a simple relationship betweerthe plied by 1 GM to yield LEE NQ with unit giga moles (GM).
index and stratospheric N@nhancements. Therefore, em- Figure1 (top) depicts the May-July averag, index, Fig.1
phasis here will be on the Southern Hemisphere, while aStpottom) shows LEE NQderived using Eq.1) (black) and
pects with respect to the implementation of the parametrisaaverage annual LEE NQafter RO7 (red). The good agree-
tion for the Northern Hemisphere as well as results from thaty et ingicates that in the Southern Hemisphere the interan-
area will only be discussed briefly. . _ nual variability of the downward transport in the polar vortex
Because of the observed direct relationship between thes smal, so that almost all of the variability can be explained
A, index and NQ enhancements, th&, index was chosen by the variations in geomagnetic activity.
as the only required time-varying input for the parametrisa- |, order to derive a flux of N excess NQdensities need
tion. ) o o to be considered. Similar to above, the scaling function is de-
In order to obtain the measured N@ixing ratios in the  yjved using the data from R07. Because the time resolution of
model stratosphere, the, index needs to be scaled appro- the flux is desired to be higher than yearly, thgindex was
priately to yield the required NO flux at the model top. Esti- ayeraged over 2-week periods in order to be compatible with
mates of NQ produced in the thermosphere and transportedie results from RO7 Fig. 7, reproduced here as&ighen,
downward into the southern polar stratosphere have been deg25. ;. ¢m~3 was fitted to yearly maximum values of RO7
rived from HALOE measurements _tR/andaII et al(2007, Fig. 7 yieldinga = 2.20-10° . Then excess NQdensities
hereafter referred to as R07. Their results cover the years
1992 to 2005 and thus cover more than one solar cycle. Thi§-EE-NOX are
is probably the longest time series of such measurements, - \ox(A,) = A,%% 2.20 x 10°cm 2, )
available. It encompasses the entire spectrum of geomag-
netic activity and thed, index, which has been shown to  For the flux calculation the following information is
have a superimposed variation of the time scale of the lengtmeeded: (1) excess densitigs-e_nox, (2) an average ver-
of the solar cycle. tical velocity, (3) a loss factor which accounts for transport
In order to develop a scaling function for the flux at the out of the polar night region. Instead of making assumptions
model top, thed , index was averaged over the period from about the latter two, which would be error-prone, a trial-and-
May to July to yield annual mean values. This time serieserror approach was chosen in order to get results at 45 km

X
Q
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o
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>
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following time dependency was chosen:
F = Ap?® ¢ 220 x 10°cm 2572
-max(0.1, cog7 /182625 (d — 172625)), 4)

whered is day of year. This sinusoidal variation centered
around solstice represents the minimum requirement of a
seasonal variation with maximum in winter. The 10% flux
in summer was estimated from HALOE measurements at
0.01 hPa, which indicate elevated N@vels during high ge-
omagnetic activity even in summer. A restriction with re-
spect to the latitudes where the flux is applied can be chosen
. via the Fortran95 namelist of the submodel. There have been
b)  OlMay 0ljun  O0ljul - findings that enhancements occur down to 30-4ditude
3000 =y . (Siskind et al. 1997. However,Funke et al(2005 showed
! that in the middle atmosphere the enhancements are confined
to the vortex (their Figs. 5, 6, 7). Therefore we have here used
a minimum absolute latitude of 3%epresenting a conserva-
\ , / tive estimate. Also possible would be a geomagnetic activity
2000 4\ St dependent latitudinal extent which has been suggested in the
' gl past, but because of other uncertainties this is not likely to
improve the results significantly.
In principle, Eq. 4) can be used for any time resolution of
the A, index. Although there has not been any evidence pre-

— [ N
1 =] a1
=] =] =]
=] =] =]

Potential temperature [K]

—
IS)
=]
=)

Potential temperature (K)

1000 S o sented tha#l , correlates with excess NGn the upper meso-
: Es ot duine | sphere on shorter time scales, it is very likely that LEENO
APR  MAY | JUN | JUL | AUG  SEP ' will follow geomagnetic activity also on shorter timescales
2003 than yearly. On the other hand, because of the transport

timescales involved (assuming 1 km/day, the transport e.g.
Fig' 2-) ,M',F(;Asth'MK/"i‘: (@) "’l‘“d E'\tAAil(b') C(t)h méxin?hratios _from 110km to 80km would take 30 days), a resolution
ppmv) Inside the southern polar vortex auring the southern Remi-,; H H H :
sphere winer 2003. The vorex edge was defned using he NasfJTEC LA BB TR B R RN A R TR B TTRETe
criterion. The white contour lines denote the altitude in km. (a) re- . S .
produced fronFunke et al(2009 with kind permission from AGU values ofA ,. The estimated flux is d_|str|buted in the_ form of
and B. Funke. NO over the top two model levels in order to avoid strong
gradients and other undesired effects that could result from
introducing the flux into only the top layer, which acts as a
that match the observations. Therefore, a value for the comsponge layer in the model.
bination of the latter factors was established through a series It should be noted that measurements of stratospherjc NO
of test simulations. Several EMAC simulations with a vari- are only available for a limited number of years. The geo-
able factore (see Eq3) were conducted for the year 2003 in magneticA, index in comparison has been measured since
lower vertical resolution with 39 levels (T42L39, model top 1932 and reconstructions are possible even further into the
also at 0.01 hPa). Model excess N@ensities at 45 km were past Nagovitsyn 2009. Therefore, the fact that the pre-
calculated by subtracting densities from a reference simulasented parametrisation only requires thg index as an in-
tion with the submodel turned off. Then, model excessiNO put function, and is not relying on satellite measurements,
were compared to the results of RO7 (their Fig. 7). The re-is of great advantage for model simulations spanning several

quired flux was then determined to be decades.
A method often used to prescribe boundary conditions for
F=A4,%%¢220x 10Pcm 257! (3) different types of long-lived gases is to nudge the tracer to

a known mixing ratio. In principle, using HALOE data this
wherec=0.23 for “average excess NO(see Fig.6, or Fig. 7 method would have been feasible to implement. However,
of RO7) andc=0.45 for “maximum excess NO. the described emission of the tracer is preferable in this case,

The transport to lower altitudes only acts at high latitudesbecause otherwise other processes that influengehNxing
during winter. Therefore, the flux needs to be constrained taatios are overwritten.
a high-latitude region and be modulated as a function of time In order to assess the capability of the model and the
of the year. Because of a lack of data describing the seasong@larametrisation to reproduce N@ixing ratios in the North-
variation of vertical velocities in the lower thermosphere, the ern Hemisphere, the parametrisation was applied there also.
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Although the scaling function given by EgB)(was devel-

oped on the basis of N@enhancements in the southern polar
region, no changes were made to the parametrisation. Onlys’
the time dependency (E4) was shifted by six months:

300
20C
100

Pressure [h

F = Ap?®.¢-2.20x 10°cm2s7?
-max(0.1, cos /182625 (d — 35525))) . (5)

The validity of this approach is discussed further in the fol- 100
lowing section.

2003

Fig. 3. EMAC NOy mixing ratios (ppbv) averaged over6090° S

3 Results and discussion for 2003. The contour lines denote the altitude in km.

In general, the submodel SPACENOX and EMAC can be ap-

plied in different setups. In this paper, we will only be con- ¢ ime ang potential temperature in F&a (reproduced from

cer_ned with simulationg where mgasu.rzepindices arepre- - pog Fig. 4c), and corresponding model results are shown in
scribed and the GCM is free running, i.e. the meteorology 'SFig. %b. In general, the prevailing descent of air maximiz-

not relaxed towards the observed meteorology. Only in thiqng in early winter is reproduced by the model. At potential

configuration it .is pos;ible to 'perform simulations for many temperatures above 1500 K agreement is good throughout the
decades, as reliable information on global meteorology onlyinter however, at lower altitudes and starting in June model

became_ avallable w ith the start Qf the satt_a!hte era. HO\_NeverCO mixing ratios are too high, indicating that the downward
as mentioned earlier, the dynamical conditions are an impory

tant factor in controlling the amount of N@hat reaches the port will be discussed later where appropriate. The reasons

stratogphere. Since n this model sgtup the meteprology ' anﬂ)r this discrepancy are subject to investigations independent
especially the properties of polar air descent, will be differ- of the work presented here

ent to the actual meteorology, care needs to be taken when

interpreting the results. .
. . 312 LEEN 2
In order to evaluate the technique and the submodel, a S|m§ O in 2003

ulation covering the period 1992 to 2003, forced by corre- Figure3 depicts the simulated mixing ratios of NGouth of

sponding sea surface temperatures and sea-ice coverage.ds.q during 2003. Strong enhancements with mixing ratios

discussed. From 1992 to September 2002 the “average ex- : :
cess NQ' scaling, after that the “maximum excess NO of more than 300 ppbv are evident in the mesosphere. They

scaling was applied as described above. First, the model © related to the NOproduced by the SPACENOX sub-

) . . model due to the larga , index during most of the southern
results for the geomagnetically very active Southern Hem|—Winter 2003 (see Figl). Also clearly distinguishable is a
sphere winter 2003 are described and compared to satellite 9%- y 9

based measurements. Aspects that are addressed include ?uedden enhancement at the end of October. This is related
descent of air inside the polar vortex and characteristics o

0 the solar proton event and is discussed in the companion
the LEE NQ.. Then, the interannual variability of LEE NO paper Baumgaertner et al2009. The latitudinal extent of
is discussed, and effects on ozone and other constituents a

the NQ, enhancements in the Southern Hemisphere winter
mentioned. Finally, the effects of the parametrisation applie 03 is shown in the lower two panels of Fig. In June
in the Northern Hemisphere are evaluated.

ransport is too strong. The implications for the NtPans-

mixing ratios of more than 200 ppbv extend from the South
Pole to 60 S. In the upper stratosphere in August, }Néh-
hancements of up to 20 ppbv still react? & This indicates
that NQ is confined by the polar vortex as expected and will
3.1.1 \Vertical transport be discussed in more detail below.

Southern polar stratospheric enhancements of l@ to
Carbon monoxide, which in the middle atmosphere is mainlydownward transport from the upper atmosphere have been
produced by photodissociation of GOs used here to show presented by FO5 using MIPAS measurements for the winter
that the model reproduces the general features of vertica003, reproduced here as Fi@. Since these measurements
transport in the Antarctic. Model results are compared to datalid not form a basis for the parametrisation in any form, the
from the MIPAS instrument on board ENVISAT, initially comparison is independent. In order to ease a comparison
presented b¥yfunke et al(2005, hereafter referred to as FO5. with FO5, potential temperature was chosen as vertical co-
MIPAS CO, retrieved by the IMK/IAA (Institutiir Meteo-  ordinate. This also allowed a consistent transformation to
rologie und Klimaforschung/Instituto de Astrofisica de An- equivalent latitudeNash et al.1996. Transformed onto an
dalucia) processor, in the polar vortex is shown as a functiorequivalent latitude, potential vorticity increases (decreases)

3.1 Southern Hemisphere

www.atmos-chem-phys.net/9/2729/2009/ Atmos. Chem. Phys., 9, 2720-2009
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0.01 NOx VMR 1IN vortex ppbv

) a) 300

Potential temperature [K]

unp

Potential temperature (K)

APR MAY JUN JuL AUG SEP
80°S 40°S 0° 40°N 80°N 2003

Fig. 4. EMAC NOx mixing ratios (ppbv) as a function of latitude Fig. 5. () NOx mixing ratios inside the southern polar vortex mea-
and pressure level for December 2002, and February, June, and A%’ured by MIPAS (IMK/IAA data). Reproduced frofunke et al

gust 2003. The contour lines denote the corresponding altitude ir‘{zoos with kind permission from AGU and B. Funkgb)EMAC

km. NOx mixing ratios (ppbv) inside the southern polar vortex during
the Southern Hemisphere winter 2003. The vortex edge was de-
fined using the Nash criterion. White contours denote geometric

monotonically towards the north (south) pole. This allows aaltitudes in km.

simple determination of the position of a grid box with re-

spect to the edge of the polar vortex. Averaging over regions L . .
of high equivalent latitude means only small regions of airserved NQ at this time. As mentioned earlier, the CO mea-

outside of the vortex are included. In addition, the vortex jurements an ”.‘t‘r’]‘{ﬁ' resuclitsl alhs 0 Q|ﬁertbelow 1dSOOK ftrtch
edge was calculated from the potential vorticity gradient ac- Une onwards, wi € model showing stronger descent than

cording toNash et al(1996. With this it was possible during pbser:(ed._ Tlh'f’ dlffetrengelalsolgéglﬁms the highex. NQx-
every model output timestep to determine the average mixindng ratios in fate winter below )

ratios inside the polar vortex. 3.1.3 LEE NOx interannual variability
NOx mixing ratios inside the polar vortex are shown

in Fig. 5b. Geopotential height was converted to an ap-To assess the interannual variability of LEE N@e model
proximate geometric altitude and is shown as white con-results from a simulation covering 1992 to 2003 are com-
tours. Downward transport of a N@nhancement exceeding pared to the results from RO7. Different to the compari-
45 ppbv in June/July is clearly discernable and is generally inson with MIPAS, these data are not independent since the
good agreement with the MIPAS observations with respectparametrisation was build upon this data. The data for Oc-
to magnitude, timing, and altitude of the enhancements. Atober 2002 to November 2003 are the same as discussed
NOy enhancement centered around 2500 K in August is onlyabove, however, for 1992 to September 2002 the “average
found in the model results and does not appear in the Ml-excess NQ’ scaling (see SecR.2) was applied. Therefore,
PAS data. Examining the CO abundances inside the vortexgnly half of the amount of NQwas emitted into the model
Fig. 2a and b, reveals that in the model a strong descent ofop. Figure 7 of R0O7, reproduced here as Fég.shows
mesospheric air occurred during this time, leading to thg NO excess N densities at 45km derived from HALOE data
enhancements. The MIPAS CO measurements do not shofor 1992 to 2005 in 2-week time periods. Since HALOE
this feature, explaining the difference between model and obderived densities in RO7 ideally represent estimates for the

Atmos. Chem. Phys., 9, 2728#4Q 2009 www.atmos-chem-phys.net/9/2729/2009/
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Fig. 6. Maximum (solid) and average (dotted) excessyNi@nsities derived from HALOE. Reproduced frétandall et al(2007) with kind
permission from AGU and C. Randall.
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Excess (10° cm?®)

Fig. 7. EMAC excess NQ densities inside the Southern Hemisphere polar vortex at 45km. Note that for 1992—-2002 the “average excess
NOx” scaling was applied, in 2003 the “maximum excessyN€xaling. The vortex edge was defined using the Nash criterion.
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percentage point change of occurence

Potential temperature [K]
|

-15 1

-15 1
2 4 6 8 10 12 14 16 18

2 4 6 8 10 12 14 16 18

NOX (ppbv) NOX (ppbv) 800 ]
10.
Fig. 8. Difference between the normalised histograms ofNx- 5 0]
ing ratios at 1 hPa (approx. 45 km) for latitudes south ¢f@@lur- S
ing high and low geomagnetic activity (high minus low). Left: -30.]
HALOE, right: EMAC. APR MAY JUN JuL AUG
2003

. . h fi led th d ig. 9. Top: Ozone change (percent) inside the polar vortex with re-
entire vortex region, we have at first not sampled the mode pect to a simulation with the SPACENOX submodel switched off

output at HALOE measurement locations. InsteadN@n-  ¢or the year 2003. The vortex edge was defined using the Nash crite-
sities were averaged over the area of the polar vortex anéon. The contours denote the approximate altitude in km. Bottom:
averaged in 2-week time periods in accordance with RO7. InTotal column ozone change. The shaded area denotes the values
order to approximate excess densitieg5%10%cm=3 was  between the maximum and minimum difference with respect to lat-
subtracted from the absolute densities, which yielded almosttude.

no excess NQin the years where none is expected due to

very low geomagnetic activity. The resulting EMAC excess of the year, centered on solstice as described above. This
densities are depicted in F@ A Iarge interannual variabil- means that statistica”y NQJFOdUCtiOﬂ is |argest in June.
ity is evident. Almost no excess NOs seen in the years However, due to the power-law dependency, this is unlikely
1993, 1997, and 1999, while large amounts are found ing be the cause for the large fall-off after the end of June. For
1994, 2000, and 2003. This is in agreement with the May-example, in 1995, this is clearly attributable to the change in
July A,-index (Fig.1), as expected. There is also a quali- 4, index: In May (June, July, August) the averagg index
tative agreement with excess densities shown in €igln ~ was 18.6 (10.2, 7.7, 9.4). Instead, the time shift could mean
a number of years, quantitative agreement is also good. Ifhat the time for the vertical transport between the source re-
2003 maximum excess densities of up toI0Pcm™3 were  gjon and the model lid cannot be neglected as is done here.
derived in RO7, where the model shows between 6 and apThis also means that the source region is likely to be signifi-
proximately 9<10%cm~3. Therefore, in 2003 there is good cantly higher than the model lid which is located at 0.01 hPa.
agreement with the maximum excess densities from RO7. Inntroducing a time lag between thig,-index and the NQin-
the other years, when the “average excess™Naling was  jection might therefore improve the results and will be sub-
applied, the model agrees better with the average excess deject of future work. A second possible explanation lies in
sities from RO7. However, RO7 considered the results base¢he HALOE sampling as a function of latitude. Until July
on the maximum excess densities more reasonable. In theALOE measures only up to approx. 58, so it only cap-
light of the good agreement between MIPAS Nénd the  tures NG enhancements near the vortex edge and misses the
model simulation for 2003 with the “maximum excess, O much larger enhancements towards the pole, as discussed by
scaling, this conclusion by RO7 is further corroborated. RO7. In late winter, the sampling includes latitudes up to
Concerning a comparison of the temporal behavior of the7(® S and thus also captures larger N®ut at least in some
model excess densities with the results shown in Gigys-  years (e.g. 1995) the bulk of the N@nhancements has al-
tematic discrepancies are found. As evident for example irready been transported to lower altitudes. The convolution
the year 1995, elevated levels of N@ensity in RO7 are of these two aspects could lead to a distorted apparent tem-
found until early August, whereas model densities are usuporal behavior, i.e. underestimate early winter enhancements
ally only elevated until early July. There are several possibil-and overestimate late winter enhancements, possibly leading
ities to explain these differences. First, in the model we pre-to a relatively monotonous enhancement as seen inbHig.
scribed a temporal behavior using a cosine function of time1995.
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Fig. 11. EMAC NOy mixing ratios (ppbv) averaged over 60
90° N equivalent latitude during 2002/2003. The red lines denote
geometric altitudes in km.

Fig. 10. Nighttime NGO, mixing ratios measured by MIPAS (ESA
data) averaged over 88 9C°N equivalent latitude. Reproduced
from Funke et al.(2005 with kind permission from AGU and
B. Funke.

panel of Fig.9 shows the total column ozone loss which is

A direct point-to-point comparison between model and also strongly influenced by dy_namics. A loss of between 10
HALOE (Version 19) NQ was therefore performed addi- and 30 DU appears to be attnbutab!e to_LEE)N(D has t(_)
tionally. For this, the model output was sampled at HALOE be noted, however, that the overestimation of descgnt in the
NO, measurement locations and at 45km altitude. ThenPOlar vortex that was deduced from the CO comparison and
normalised histograms were computed for periods of Iowa‘ISO seen in the Nocomparison potentially implies that the

(winters of 1996, 1997, 1999, 2001, 2002) and high (win- ©20N€ l0ss is overestimated.
ters of 1992, 1994, ZQOO, 2003) geomagnetic actlylty SeP3 15 Other effects
arately. Finally, the differences between each pair of his-

tograms from the two periods were calculated. The resultingoiher members of the NCfamily are likely to be affected
percentage change histograms are shown for HALOE angy the NQ enhancementstiller et al.(2005 provided M-
EMAC in Fig. 8, left and right, respectively. As expected, pag measurements of strong Hy@nhancements inside the
a shift from lower to higher NQ values during high geo-  so|ar vortex during the Southern Hemisphere winter of 2003.
magnetic activity is eV|der_1t in both the HALOE dat_a and the gpAC results for HNG in the same period are smaller by
model. However, the shift is more pronounced in the 0b-more than one order of magnitude. Since the relevant gas-
servations, again indicating that the applied “average excesghase reactions are included in the simulation (see supple-
NOx" scaling underestimates Nproduction. ment), this indicates that the measured HNhancements
Some of the features evident in Figare related to So-  are Jikely to result from ion cluster reactions (for more de-

lar Proton Events. For example, the sudden increase i NOtyijls seeStiller et al, 2005 and the companion paper) that

It is interesting to note that the enhancement in RO7 is only
half as large. The Solar Proton Event parametrisation is dis3.2 Northern Hemisphere
cussed in the companion paper, therefore such features are

not discussed further in the present study. For the Northern Hemisphere, where dynamical variability
is much larger than in the Southern Hemisphere, additional
3.1.4 Effects on ozone aspects need to be considered. The larger dynamical vari-

ability has a stronger influence on the amount of LEExNO
Due to the fact that NQcan engage in catalytic ozone de- deposited in the stratosphere (see Rgndall et al.2005.
struction, in the stratosphere significant effects on ozone cawariability in the lower thermosphere is not captured in the
be expected during winters with high geomagnetic activ-model simulations and is thus potentially a significant er-
ity. Therefore EMAC results for the year 2003, where largeror source. Concerning the upper stratosphere and meso-
amounts of NQ were transported into the southern polar re- sphere, NQ transport is exposed to the variability in the
gion, are shown here. In Fi@ (top panel) the change of model. Therefore, since the model is free running and not
ozone mixing ratio inside the polar vortex with respect to reproducing observed dynamical interannual variations, the
the result from a simulation with the submodel SPACENOX agreement between model and observed, awvorse than
switched off is depicted. Depletion of up to 40% follows the by just comparingA, and measured excess NOOn the
downward transport of NQas seen in Figs. The bottom  other hand, if the model reproduces the observed dynamical
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15 15 Both the model and observations show a strong descent
of NOy starting at 3000K in November, with mixing ra-
S 1 10 tios of more than 16 ppbv. The excess N® transported
E down to altitudes of 1500 K (40km) during the following
s 5 two months. A second strong enhancement observed by
§, MIPAS in December is not captured by the model. In Febru-
§ 0 0 ary, both model and observations again show enhancements
£ above 2500K, exceeding 16 ppbv in the observations and
S 5 5 reaching 10 ppbv in the model. Because of the fact that the
g main features of the observed N®nhancements are repro-
% 10 10 duced, we conclude that the parametrisation also works well
= under moderate dynamical conditions in the Northern Hemi-
I e sphere, similar to those found in the 2002/2003 winter. Note
2 4 6 8 101214 16 18 2 4 6 8 10 12 14 16 18 that the lower altitude enhancements found from January on-
NOx (ppbv) NOXx (ppbv)

wards have been shown to be related to midlatitude air that
was transported to higher latitudes (see FO05), resulting in
NO> mixing ratios of up to 10 ppbv that last at least until
April 2003.

A variety of dynamical conditions can be captured by com-
variability (e.g. by relaxing model meteorology to observed paring model NQ with HALOE observations. Similar to
meteorology), the agreement between model and observeabove, normalised NChistograms for periods of high (win-
NOx will be better than by just comparing, and measured ters of 1991/1992, 1992/1993, 1993/1994, 1994/1995) and
excess NQ. In the case of the presented model simula-low (winters of 1995/1996, 1996/1997, 1997/1998) geomag-
tions, the model is forced with observed sea surface temperetic activity are subtracted and shown in Fig. In general
atures, an observed Quasi-Biennial Oscillation (QBO), andooth the HALOE and EMAC data show the shift from low to
observed solar UV radiation. It has been shown by (eah-  high NG values during geomagnetically active winters, con-
itzke, 2009 that solar and QBO forcing determine a signif- firming the validity of the parametrisation for a wider range
icant fraction of interannual variability of the vortex, espe- of dynamical conditions.
cially the number of mid-winter warmings. This implies that
the interannual variability of the Northern Hemisphere vortex
in the presented model simulations should show similar fea4 Conclusions
tures as the observed variability. However, this is still under
investigation and beyond the scope of this paper. A parametrisation of the production of NGn the thermo-

The latitudinal extent of LEE NQis shown in Fig.4 sphere through LEE has been developed with the aim to be
for December and February during the Northern Hemisphereable to describe NOmixing ratios in the stratospheric po-
winter 2002/03. Mixing ratios up to 100 ppbv are evident lar vortex. The approach is based solely on monthly mean
from the north pole to 70N, small enhancements are found Values of the4 , index, which has been shown to be a good
up to 40 N. Enhancements in December reach down toproxy for Southern Hemisphere interannual variations of vor-
2 hPa. tex NO; mixing ratios. A scaling function was developed

In order to assess the model's capability to reproducedased on published interannual variations of LEExNI@-
Northern Hemisphere NQOmixing ratios, potentially af- rived from HALOE measurements. The technique allows
fected by LEE NQ, we carried out comparisons with satel- to quantitatively capture measured Nénhancements in the
lite data similar to the approach employed for the South-stratosphere that are due to LEE precipitation in the thermo-
ern Hemisphere. FO5 also presented measurements frogPhere. The implementation in EMAC was evaluated against
the Northern Hemisphere winter 2002/2003. N@ghttime ~ independent NQmeasurements by MIPAS for the geomag-
abundances as a function of equivalent latitude and potentighetically very active Southern Hemisphere winter 2003 as
temperature are depicted in their Fig. 12 (top) and are reprowell as the moderately active Northern Hemisphere winter
duced here as Fig.0. NO, enhancements last from Novem- 2002/03. Excellent agreement was found for both periods.
ber to February, interrupted by stratospheric warmings. Theyror the Southern Hemisphere winter 2003 a significant im-
clearly result from downward transport and reach peak mix-pact on ozone was shown. The presented parametrisation of
ing ratios of 16 ppbv. EMAC N@mixing ratios for the same LEE NO is therefore a valuable addition to the EMAC AC-
period are shown in Figll. Note that the nighttime MIPAS ~ GCM and will be useful for simulations of the recent climate.
NO; only represent a lower limit for NQ Because thet, index is available since 1932, it is possible
to quantify interannual variability on timescales even longer
than satellite measurements of N®nhancements due to

Fig. 12. Same as Fig8 but for latitudes north of 40N. Left:
HALOE, right: EMAC.
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LEE. Combined with model implementations of other so- port of upper atmospheric NQOinto the polar stratosphere
lar activity dependent processes, namely photolysis, radia- and lower mesosphere during the Antarctic 2003 and Arctic
tive heating, and SPEs, it will be possible to study the holistic 2002/2003 winters, J. Geophys. Res., 110, D24308, doi:10.1029/
impact of solar activity variations on the Earth’s atmosphere. 2005JD006463, 2005.

Results from an EMAC simulation encompassing these pro! Hood, L. L. and Soukharev, B. E.: Solar induced variations of odd
cesses and covering the period 1960 until 2003 are in prepa- nitrogen: Multiple regression analysis of UARS HALOE data,

ion f blicati Due to th f the techni Geophys. Res. Lett., 33, L22805, doi:10.1029/2006GL028122,
ration for publication. Due to the success o e tecnnique doi:10.1029/2006GL028122, 2006.

seen in the presented evaluation and its proven S|gnn‘|canc§)ckel P. Tost, H., Pozzer, A.. @nl, C., Buchholz, J., Ganzeveld,
on polar ozone chemistry, itis recommended to include such | poor, P, Kerkweg, A., Lawrence, M. G., Sander, R., Steil,
a parametrisation into middle atmosphere AC-GCMs. B., Stiller, G., Tanarhte, M., Taraborrelli, D., van Aardenne, J.,
and Lelieveld, J.: The atmospheric chemistry general circulation
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