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Abstract. In 2003, strong energetic particle precipitation October/November 2003. Despite large differences between
(EPP) events occurred producing massive amounts of ionizathe model and MIPAS chemical observations (NEGINOs,

tion which affected the polar region significantly perturbing CH4 and ), we demonstrate that a careful assimilation with
its chemical state down to the middle stratosphere. Thesenly gas phase chemistry included in the model (i.e. no pro-
events and their effects are generally left unaccounted for irvision for EPP) and with relaxed quality control nearly elim-
current models of stratospheric chemistry and large differ-inated the short-term bias and significantly reduced the stan-
ences between observations and models are then noted. tard deviation error of the constituents below 1 hPa.

this study, we use a coupled 3-D stratospheric dynamical-
chemical model and assimilation system to ingest MIPAS
temperature and chemical observations. The goal is to gairi
further understanding of assimilation and monitoring pro-

cesses during EPP events and their impacts on the stratr nas peen known for a long time that the main source of
spheric polar chemistry. Moreover, we investigate the feas"global stratospheric NQis the oxidation of NO from the

bi]ity of assimilating valid “outlier” obsgrvatiqns associated troposphere. However, energetic particle precipitation (EPP)
with such events. We ug@mF (Observation minus Forecast) s considered as the most important secondary source. These
residuals as they filter out phenomena well reproduced by thearticles are either high energetic electrons or protons that
model (such as gas phase chemistry, transport, diurnal angyn produce NO directly in the stratosphere if their energies
seasonal cycles) thus revealing a clear trace of the EPP. Inyye regpectively greater than 300keV and 30 MeV (Randall
spection ofOmF statistics in both passive (without chemical gt 5 2006). EPP, solar and galactic cosmic rays which pen-
assimilation) and active (with chemical assimilation) casesgirate into the polar middle atmosphere at high latitudes give
altogether provides a powerful diagnostic tool to assess thejse 1 jonization, dissociation, dissociative ionization and
model and assimilation system. We also show that passiv@ycitation processes (Brasseur and Solomon, 2005; Jackman
OmFcan permit a satisfactory evaluation of the ozone partialg; 4. 2008). EPP exerts a larger influence on polar ozone
column loss due to EPP effects. Results suggest a small by, 5 gecadal scale than previously thought (Sinnhuber et al.,
significant loss of 5-6 DU (Dobson Units) during an EPP-IE 5006). On short to medium time scales, EPP influences the
(EPP Indirect Effects) event in the Antarctic winter of 2003, production of odd hydrogen (HQand odd nitrogen (N

and about only 1DU for the SPE (Solar Proton Event) of \yhich can affect ozone chemistry through chemical catalytic
cycles (Solomon and Crutzen, 1981; Brasseur and Solomon,
2005; Turunen et al., 2009). The high values of N®O,
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latitudes &60°) of both hemispheres, have been the sub-high HNG; values in the polar stratosphere (Orsolini et al.,
ject of many controversies, particularly in the way they af- 2005) which could be explained by ion cluster chemistry re-
fect the ozone budget. Significant photochemical loss hasctions (Kawa et al., 1995; McDonald et al., 2000; de Zafra
been reported by many authors in the upper stratosphere aand Smyshlyaev, 2001), by ion-ion recombination (Verro-
sociated with these disturbances (for general discussion segen et al., 2008) and/or by heterogeneous reactions gf NO
Callis et al., 1996; Jackman and McPeters, 2004; Rozanov ain sulphate aerosols viapRs or, less likely, by simple gas
al., 2005; Sepgla et al., 2007; WMO, 2007). For example, phase reactions (see Stiller et al., 2005 for a discussion). HO
during a very strong solar proton event in July 2000, mea-and NG, gases have a short chemical lifetime since they are
surements from the UARS HALOE and NOAA 14 SBUV/2 mainly destroyed by photo-dissociation. But during the po-
instruments indicated short-term (time scale of a day) mid-lar winter, when little or no sunlight is available, the impacts
dle mesospheric ozone decreases of over 70% caused mf NOy can survive longer and even extend outside the po-
short-lived HQ during the event with a medium-term (sev- lar region through downward transport processes across the
eral days) upper stratospheric ozone depletion of up to 9%stratopause, thus affecting more significantly the total ozone
caused by longer-lived NQ(Jackman et al., 2001). With the column.
use of a 3-D numerical model, Rozanov et al. (2005) showed In our study, we use a new comprehensive coupled strato-
that atmospheric chemistry throughout the whole atmospherspheric chemistry-meteorology 3-D global model called
down to the surface is significantly perturbed by EPP indirectGEM-BACH (Ménard et al., 2007; hereafter M2007) to-
effects (thereafter referred to as EPP-IE following Randall etgether with operational MIPAS retrievals. We calculate the
al., 2006). EPP-IE is linked with ionized particles trapped mean and standard deviation of passive (without chemical as-
in the magnetosphere which precipitate into the upper atmosimilation) versus active (with chemical assimilatiddinF
sphere. Such particles originated in the solar wind or wereg(observation minus forecast) residuals of long-lived species
ejected during solar disturbance. (O3, NO2, HNO3 and CHy) during the second half of 2003.
Evidence of high amounts of upper stratospheric andEPP events are not physically accounted for in our model
mesospheric polar NOand anomalous values of HN@s  but we demonstrate that the signature of these tracers can
measured by the MIPAS/ENVISAT mission (Fischer and be correctly identified by passiv@mF plots in observation
Oelhaf, 1996; ESA, 2000; Fischer et al., 2008) have beerspace as shown in Sect. 4 when downward transport of ex-
documented in the recent literature (Funke et al., 2005; Orcess N@ occurs. Throughout this study, a comparison is also
solini et al., 2005; Stiller et al., 2005; Verronen et al., made with the case that includes chemical assimilation (ac-
2008). Anomalous but continuous downward transport oftive OmF). Together, these sets of cross sections (passive and
these chemical constituents from the mesosphere and loweactiveOmFs) constitute an excellent diagnostic and monitor-
thermosphere (MLT) region into the upper stratosphere starting tool for model-assimilation systems. They help to track
ing from the end of May and extending to September 2003the signature of EPP and other related phenomena (such as
was found to be linked to several geomagnetic and EPPheterogeneous ion-cluster chemistry involving water) which
IE events occurring in a rather continuous fashion in theare not taken into account in most stratospheric models. Our
MLT (Funke et al., 2005; Stiller et al., 2005). On the other study also addresses several aspects related to the data as-
hand, a more spectacular event such as a SPE (solar preimilation methodology itself and derived diagnostics, more
ton event) had also occurred the same year towards to enspecifically that:
of October 2003 (referred as the “Hallowe’en storm”; see . ) )
Baker et al., 2004). SPEs which are rather sporadic in na- 1+ the demonstration on both theoretical and experimen-
ture occur more frequently near the solar maximum or dur- tal basis t_hat o_ur assimilation system almost ellmm_ates
ing its declining phase. They have recently been widely the chemical t_)lases and reduces the random e_rro_rm_the
documented both with models (Semeniuk et al., 2005; Jack- ~ ¢ase Of slow time scale model errors or imprecise initial
man et al., 2008 and references therein: Vogel et al., 2008) ~ conditions while having less impact on fast time scale
and in observational studies (Lopez-Puertas, 2005; Orsolini  model errors. Note that EPP phenomena are interesting
et al., 2005). SPEs are specifically linked with solar flares N this context because, among other things, they pro-
and/or coronal mass ejections. Both types of EPP (EPP-IE ~ duce impacts of various time scales,
and SPE) could be modulated by meteorological conditions
influencing the downward transport of chemical constituents
to the stratosphere (Randall et al., 2006, 2007; Siskind et al.,
2007). The rate of descent at high latitudes is linked to the
strength of the polar vortex (Manney et al., 1994; Sd@p 3. the presentation of a new diagnostic tool (made up of
et al.,, 2004) and possibly enhanced at times by a complex 4 panels) to study the impact of phenomena producing
combination of dynamical factors and coupling between the large effects which a priori are not necessarily present in
stratosphere and the mesosphere as discussed in Siskind et the modeling system and perform an analysis with the
al. (2007). Accompanying the high NGare anomalously OmFtechnique.

2. the chemical assimilation of MIPAS-ESA in the context
of EPP is successful if careful attention is paid to proper
error statistics and quality control,
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In Sect. 2.4 we provide a theoretical derivation explaining thevalidated (see M2007). Only gas phase and heterogeneous

conditions of success of assimilation in the presence of im-chemistry are represented in our model. Therefore, no provi-

portant model chemical biases. The methods and diagnosticsions for ion, ion production/recombination, ion-neutral cou-

are described in Sect. 3 and the results and applications ipling or ion-cluster chemistry exist in our framework which

Sect. 4. An evaluation of ozone loss due to the EPP duringvould be required in principle to fully simulate EPP effects.

the second half of 2003 is also performed us®mF diag-

nostics. Note that th®@mFtechnique is considered here as a 2.2  Assimilation system

complementary method to the existing ones to evaluate polar

ozone loss due to EPP effects (see Sect. 4.4). Finally, Sect. Bhe assimilation algorithm is a variational 3D-VAR 6-h cy-

presents a summary and the conclusions. cle (Gauthier et al., 1999) with calculation @mF (ob-
servation minus forecast) using the model forecasts at the
time steps nearest to the observation times, i.e. FGAT (First

2 GEM-BACH model, data assimilation system and Guess at Appropriate Time). The latter approach was se-
observations lected since it permits a better time resolution than that of
the standard 3D-VAR, which is crucial for fast time scale
2.1 Model assimilated constituents such as Ni@ the middle atmo-

sphere (M2007). Error statistics needed for the assimila-
We use the model GEM-BACH v3.3.0 (Global Environ- tion algorithm have been built using the NMC method (Par-
mental Multi-scale coupled with the Belgium Atmospheric rish and Derber, 1992) for the dynamics. The method of
CHemistry), which has emerged from a collaboration be-H-L (Hollingsworth and bnnberg, 1986) adapted for satel-
tween Canada and Belgium. Itis a comprehensive 3-D globalite measurements (see M2007) was applied in setting the
chemistry circulation model (GCCM) based on the strato-constituent error variances. The error correlations for con-
spheric version of the Canadian NWP model called GEMstituents were estimated from 6-h time differences of fields
(Coté et al., 1998) and the stratospheric chemistry develfrom a standard model run (Polavarapu et al., 2005). The
oped for BASCOE (Errera and Fonteyn, 2001). The cou-set of operational MIPAS chemical constituents and temper-
pled model allows chemistry-radiative feedbacks (M2007; deature observations presented to the minimization algorithm
Grandpe et al., 2009). The model has 80 vertical levels, in- is obtained after filtering outliers using the quality check ap-
cluding 27 in the stratosphere, and is integrated at a horizonplied operationally at CMC (Canadian Meteorological Cen-
tal resolution of 1.5 by 1.5 (a grid of 240 by 120) with  ter), which rejects data whenev@mF residuals are greater
a lid at 0.1 hPa, allowing stratospheric channels of TOVSthan 5 times the estimat€dmF standard deviations. This is
(AMSU-A channels 9-14) and MIPAS observations (mostly considered as a relaxed gross error check as compared to the
stratospheric) to be assimilated. The vertical resolution ofvalue of 3 traditionally used (Gauthier et al., 2003). Special
the model ranges from 0.5 to 3km in the stratosphere (withtreatment of the assimilation error statistics has to be applied
~1.5km at 30 km) and 3—4 km in the lower mesosphere, withso that the observed high values of N@oduced by EPP do
a higher resolution in the troposphere. Semi-implicit andnot get filtered out by the quality control such as in Errera et
semi-Lagrangian numerical techniques optimized to handlel. (2008). The resulting transport and dynamics in our sys-
a large number of advection equations for the transport otem has been verified in M2007 with independent data and
species are utilized by the model (a more complete descripfound to be very reliable in both the troposphere and strato-
tion is available in M2007). On the other hand, an on-line sphere in situations with and without EPP effects.
coupled comprehensive stratospheric chemistry module de-
veloped at the Belgium Institute of Aeronomy (Errera and 2.3 MIPAS/ENVISAT observations
Fonteyn, 2001) has been implemented in our framework. It
includes 57 species which interact through 143 gas-phas&he MIPAS (Michelson Interferometer for Passive Atmo-
reactions, 48 photolysis reactions and 9 heterogeneous respheric Sounding) instrument was launched on 1 March 2002
actions. The chemistry package is built with the Kinetic onboard ESAs ENVISAT (European Space Agency EN-
Preprocessor (Damian et al., 2002) and the scheme is invironmental SATellite), which is a sun-synchronous polar-
tegrated using a third order Rosenbrock solver (Hairer ancbrbiting satellite flying at about 800 km altitude with a 9855
Wanner, 1996). The chemical and photo-dissociation ratesnclination. MIPAS provides day and night time measure-
follow the Jet Propulsion Laboratory compilation by Sander ments from pole to pole, which allows observation of the
et al. (2003). The heterogeneous chemistry is parameterizedrctic and the Antarctic areas during the polar vortex sea-
as a simple function of temperature and a prescribed climason. In particular, the simultaneous observation of HNO
tology for sulfate area densities. Polar Stratospheric Cloudsaand NG in the polar night makes possible the assessment
(PSC) are formed when temperatures are below 194 K (NATof chemical transformation within the N@amily occurring
particles) or 186 K (ice particles). This photochemical mod- during EPP events. The MIPAS instrument is a slow down-
ule was used operationally in BASCOE and has been fullyward limb scanning Fourier spectrometer, which measures
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the complete spectrum of limb emission in the frequency in-above 0.5 hPa (50 km), the presence of the model top sponge
terval 680—2410 cm! of the mid-infrared spectrum (corre- layer corrupting results at model top in any cases. On the
sponding to the wavelength range of 4.1-14.5um). A specother hand, for N@ during EPP below about 30 km, no em-
trum is acquired every 4.6 s at each of the 17 tangent altiphasis was put on calculation or diagnosis. Our domain of
tudes giving about 1000 profiles per day, starting at an alti-interest is the middle and upper stratosphere and stratopause
tude of 68 km down to 6 km. The average number of orbitsregions roughly between the altitude of 30—-50 km. Wetzel et
is 14.4 per day. The field of view at the tangent heights isal. (2007) also presented comparisons with ACE, HALOE,
~3 km by 30 km with a resolution of 500 km along track and SAGE Il and POAM Il and showed fair to very good results
about 2800 km across track at the Equator. The vertical reswith MIPAS-ESA NQ. Discrepancy between the two sets
olution is about 3 km in the stratosphere but becomes large(ESA and IMK) exists but this does not affect our study since
in the mesosphere (Fischer et al., 2008). NO_ does not enter into £loss calculation in the context of
The retrieved profiles for this study have been obtained byour methodology (i.e.: passiv@mF of ozone only are used
non-linear least square fitting using the Optimized Retrievalfor polar ozone loss calculation, see Sect. 5.4). MIPAS-ESA
Model (ORM), which has the advantage of maximum verti- 0zone has been shown to verify well (bias withir15%)
cal resolution but has the disadvantage of the possibility ofin periods with or without EPP (Ehard et al., 2007, chap-
oscillatory profiles. The main challenge of the ORM has ter 10).

been the requirement of performing the complex operation The period under study is the second half of 2003 due to
of mathematical inversion in near real time for a large num-the near continuous day to day availability of MIPAS-ESA
ber of data (Fischer et al., 2008). Other options exist, such agperational data during this time. It also happens that 2003
more accurate retrievals performed by IMsing Tikhonov s considered a very active year from the geomagnetic point
regularization, which is more stable than ORM (von Clar- of view (http:/www.spwc.noaa.gdv The assimilation period
mann, 2007). However, MIPAS-IMK retrieval products are extends from the second week of August to the first week
not available for all measurement days, as opposed to thgf December 2003. Note that in the Northern Hemisphere,
MIPAS-ESA products. the upper stratospheric polar vortex was perturbed from the

The validation of MIPAS-ESA observations (version 4.61 second half of December (after the end of our analyzed pe-
of retrieval profiles in near-real time) has been discussed iniod) and finally broke up in late December associated with
many papers (Dethof et al., 2004; Cortesi et al., 2007; Ridolfia stratospheric sudden warming event (Manney et al., 2005),
etal., 2007; see M2007 Chapter 4 for a review). In the stratoproducing a distortion of the EPP signal.
sphere, comparing MIPAS observations to HALOE (V 19)
gives biases of-1 to +3 K between the two instruments. In S .

) . . 2.4 Data assimilation in presence of chemical model

the lower stratosphere, the biases are a little less, that is about biases
0.5 to 2.5K (Dethof et al., 2004). Wang et al. (2005) re-
ported that mean differences with other sources are within
0.5K as averages and within 1-1.5K at individual levels be-Assimilation schemes generally assume that both model and
tween 10-30 km. Typical r.m.s errors for ozone were foundobservations have no systematic errors or biases. How-
to be in the range 5-15% (Dethof et al., 2003; M2007) andever, for a number of reasons, the model may have inade-
for H,0, CHs, N2O and NQ@, around 25-35% (Baier et al., duate or missing representation of some physical processes
2005; M2007). Note that, in general, MIPAS-ESA errors in Which can give rise to significant model biases. The presence
the stratosphere are also acceptable fonNQomparison of model biases (caused by EPP impacts for example) can
of MIPAS-ESA with MIPAS-IMK has been done very thor- be detected in the mean observation-minus-forecast resid-
oughly and extensively by Wetzel et al. (2007) for N@ho uals. The assimilation of meteorological observations will
suggested a genera| good agreement between the two sdiét eliminate model biases from the analysis and forecasts
(see Fig. 15, bottom panel, of Wetzel et al. paper). Howeverno matter how the observation and background error statis-
according to Funke et al. (2005), N@rom MIPAS-ESA re-  tics are prescribed, unless an additional step is introduced in
trievals is underestimated by 30% above 50 km, mostly dughe assimilation scheme, known as the bias correction (see
to physical processes not taken into account by MIPAS-ESADee and daSilva, 1998, or &tard, 2009, and references
retrievals such as non-LTE (non local thermodynamic equi-therein for further details). In the case of temperature as-
librium) processes. During SPE, below 30km, it is also re-Similation, a bias correction based on MIPAS temperature
ported that the MIPAS-ESA retrievals for N®@ould suffer ~ using standard procedures has been applied to AMSU-A ob-
from very large errors (Wetzel et al., 2007). Therefore, in Servations before assimilation (see M2007 for more details).
our study, we thus have been careful in not drawing any conBut for chemical constituents no such correction scheme is

clusions for MIPAS operational Nfor other constituents Utilized in this study. We rather argue that careful assimila-
tion of chemical constituents could correct the bias under the

1IMK: Institut fur Meteorologie und Klimaforschung, at Karl- circumstances discussed below. As an illustrative example,
sruhe, Germany consider a persistence model for chemical concentrations.
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Suppose that the reality represented here by the truexdtate In the simplified scalar case above, (i.e., Eq. 8), we have
is governed by the following equation, / /
t t §}1+l = —qAt + mé;, (11)
xn+1:xn +th’ (1) . . . .

from which a simple solution can be found, i.e.
wheren is the time step ang is the net production rate that

is not included in the atmospheric chemistry model (such agi =m"&} — q(1+m+m?+...4+m" YAt (12)
caused by EPP impacts) but present in the atmosphere and nf (1—m™")
At, the time scale. In this context of a model based on per- =" % —4 (1—-m) At.

sistence, a forecas{H at timet, 1 issued from an analysis
x% at timet, takes the simple form

o _
Xy =X 2 Ego N —%At, (13)

Sincem <1 the asymptotic solution for largeis readily ob-
tained as

The forecast and analysis error defined ssfs=x/—x?, . . .
¢9=x9—x' are then related by equation (combining Egs. land the mean observation-minus-forecast residu@mF)

and 2): converges to
o q
e;fﬂ =g, — qAt. ©) (OmF)e — EAL (14)

The mean error or bias is then also governed by the equationygye that the bias in the initial condition&)( is eliminated

@) asn becomes large (see Eq. 12). There are associated time
scales in Egs. (13) and (14) that are important to consider for

sincegq is a deterministic quantity. In general, 3D-VAR (but the interpretation of this result. In this derivation, the time

also Kalman filters and Optimum Interpolation) have the fol- scale is tied to the assimilation cycle, but more precisely to

-f _ za
€, 1 =8, — qAt,

lowing (unbiased) form (Kalnay, 2003) the revisit time of the satellite over the same region so that,
" ¥ 0 7 in effect, a reduction of variance is accounted for wittor
xy, = xy + K(yy —Hxy) () (1-KH). For ENVISAT, the revisit time isAr=12 h and the

whereK is the Kalman gain matrit is the observation op- Preduction rate; should thus be measured with respect to
erator which includes interpolation for the observations loca-tis time scale. For example, suppose that the production rate
tion to the discrete model representation, afids the obser- 4 is slow, taking say 30 days to double the initial concentra-

vation vector. Assuming that the observations tion xo, i.e.g~x0/(60A¢). On the other hand, it is often the
case that the observation error variance and the forecast error
o =Hxl + &, (6) variance are not that different in value so thatrd~1/2. In

this case, we obtain from Eq. (14)n F~x/30.The model
bias and the mean observation-minus-forecast residual are,
with this simple calculation, of the order of 3%, whereas ob-
g = (I—KH)&] . (7)  servation and forecast error standard deviation are usually
somewhat larger, typically 10-20%. The mean observation-
Note that (—KH ) represents the reduction of variance (co- minus-forecast residual is in this case smaller than the stan-
variance) due to the assimilation of observations. In a scalagard deviation of theOmF and successful assimilation is
case and in a simplified context of having observations atexpected despite large initial biases. At the other extreme,
each grid point, the reduction of variance, that we denote bywhere the production rate is fast, say on the order of a day,

are unbiased, i.&9=0 and subtracting’, from Eq. (5) and
combining with Eq. (6), leads, after averaging, to

m, is simply we haveOm F~xq, and the mea®mF (~100%) then far
2 exceeds its standard deviation likely leading to unsuccess-
m=I1-KH=——"—, (8)  ful assimilation. Although the full analysis would entail the
of+0; computation of (I-KH) which is beyond the scope of this pa-

per, this simple analysis is nevertheless useful in providing a
qualitative interpretation and a deeper understanding of the
results presented in the following sections.

wherea]% andoa2 denote respectively the forecast and obser-
vation error variances. The following constraint applies on
m

O<m<1 ©) 3 Description of methods and diagnostics
Combining the scalar form of Egs. (4) and (7) gives an evo-

lution equation for the forecast error bias of the form, We define here two kinds of observation-minus-co-located
. forecast OmF) differences: (1) offline (or “passive”) where
Ehf+1 = —qAt + (I—KH)E;{. (10) the chemical observations are not used to initialize the model

www.atmos-chem-phys.net/10/1739/2010/ Atmos. Chem. Phys., 10,1738%-2010
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forecasts, and (2) online (or “active”) where, through the useand CH,. Daily zonal averages are computed to eliminate the
of an assimilation system, the observations are ingested andiurnal cycle dependence in order to simplify the analysis.
serve to initialize the short-term forecas®mFin the latter  Individual cross sections utilize approximately 12—14 verti-
differences are also referred toiagovationgDaley, 1991).  cal bins (between 0.1 and 100 hPa) centered at the tangent

In the offline mode, excess concentrations of constituentsVlIPAS observations. For both passive and active cases, me-
due to EPP effects can be isolated by taking the differ-teorological assimilation was performed in the GEM-BACH
ences between chemical observations and co-located chermodel using conventional data (aircraft, radiosondes, etc) as
ical forecasts driven by assimilated temperature and windwvell as satellite data from the TOVS/AMSU-A instrument
measurements. Taking these differend@mp) actually fil- covering the troposphere and stratosphere. Only MIPAS tem-
ters out the effects of transport, gas phase chemistry, diurperatures were assimilated above 70 hPa (i.e., no AMSU-A),
nal, seasonal, annual and semi-annual cycles which are gesas this was found to give the best results for temperature,
erally well reproduced by our model, and thus allows iso- 0zone and HN@(M2007; de Grandr et al., 2009). It is of
lation of the chemical anomalies caused by EPP. Furtherparamount importance that the meteorology be assimilated
more, since EPP produces strong excesses of chemical coim the same way in both cases mentioned above to ensure the
stituents of the N@ and HQG, families (e.g. NQ, HNOg, close similarity of temperatures and transport in all experi-
OH, HOp, etc.) which are not represented in our model, ments. With the help of the new tool described above, we
the observation-minus-forecast differences (i.e., @maFs) perform the calculation of polar ozone loss based on “tar-
have magnitudes well above the observation errors or chemigeted partial columr?, for two different events: (1) an EPP-
cal transport modeling uncertainties, and thus truly representE which took place in a rather continuous fashion during
EPP effects. Tracking the daily zonal mean and standard dethe austral winter of 2003 (May—September 2003) and (2) a
viation of OmF as a function of time and height provides a major SPE (“Halloween” storm) which occurred towards the
powerful diagnostic and analysis tool of the EPP effects — aend of October 2003 and severely impacted the mesosphere
novel approach used in this study. and upper stratosphere in the following weeks.

On the other hand, the impact of assimilating observations
is generally seen through a reduction of the mean and stan-
dard deviations of th©mF from offline to online. Forin- 4 Results
stance, in situations where the initial conditions are grossly in )
error but the model has no bias, very large mean offine= -1 The relation between NQ and CH,
are to be expected. Ti@mFcan likewise be reduced signif-

icantly from offline to online only if the model bias growth A scatter plot of NQ against Cl from HALOE observa-

" . . . .{ions has been examined in the past to track the signature
rate time scale is much longer than the observation revisi L . . L

) ) . . of EPP-IE. The deviation from a linear relationship in the
time. However, if the growth rate time scale is comparablescatter lot of NQ@ against CH (high NO, and low CHy)

to the observations revisit time scale, a significant reduction P 9 9

: ) . indicates an EPP-IE (Siskind et al., 2000; Randall et al.,
of theOmFfrom offline to online cannot be achieved, as was 2006). In Fig. 1a (case without chemical assimilation) and
argued in Sect. 2.4. The behavior@mFs from offline to on- ) 9.

line thus turns out to be a useful diagnostic for the presenc?';I ?'blot,zh(clafs Avgtgt?izmt?;gg},gé?ﬁeplgﬁi|agﬁltnlsft cr:llgar
and time scale of the model biases. It also reflects the qualit P

Y hPa for the second half of August 2003 in the Southern

g; thaeszif/seglril]?:tlgir;g:c(?zs. leji?gglj(ta g}gﬁ;ilzgaesgﬁﬁgt\{gg;eﬁemisphere (30S-90 S). These diagrams illustrate differ-
P o ent modes (labeled 1, 2 and 3) which characterize differ-

caused by EPP which are eliminated in the actveF (i.e., . . " o
ent dynamical and photochemical conditions occurring in

with chemical assimilation) denote either: (1) errors in the h / h . he d g
initial conditions or (2) systematic model bias linked to slow the stratopause/upper stratosphere region. The day mode 1
is due to the photo-dissociation of NOwhich reduces its

time scale (a few weeks to a few months) chemical processes,

. mixing ratios to very low values irrespectively of GHFor
In our study, these errors mostly originate due to the absenCﬁ1e second mode (2), low (high) values of Chear 2 hPa
of proper EPP modeling. Fast time scale errors will not be ' g

(iorrespond to low (high) values of NGince the source of

corrected by assimilation as discussed in Sect. 2.4. Note theb : . )
. . . : oth constituents is normally located in the troposphere. In
intermittent physical phenomena such as EPP impacts ca|

. i . this particular case, species are well correlated and this ex-
produce larg®©mFs at various time scales (Sinnhuber etal., _, . . : . L
. plains the tendency to obey a straight line relationship in the
2006; Turunen et al., 2009). . ; .
. species scatter diagram. For the third mode (3), low val-
Based on the concepts discussed above, we present i ; )
. . . : . ues of methane correspond to high values of;N®hich
Sect. 4 a new diagnostic tool which consists of pressure-time
cross sections plots (pressure as vertical coordinate versus 27hjs layer is identified using passi@mF biases (see Sect. 4).
time) of means and standard deviations of passive (without 3mipAS/ESA observations do not include NQNO,+NO) but
chemical assimilation) versus active (with chemical assimi-only NO, which is nevertheless a good proxy for N@uring the

lation) OmFs for long-lived species such as NHNOs, O3 austral winter.
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strongly suggests the presence of a mesospheric source of n’
trogen which is transported downward within the polar vor-
tex. Such a phenomenon is seen in the MIPAS dataset a:
shown in Fig. 1 and refers to the EPP-IE signature (Randall
et al., 2006, 2007). When chemical assimilation is turned on
(Fig. 1b), the third mode (3) is now present in both the obser- .
vations and the model, which confirms that the phenomenon2 . LY

is well captured by our data assimilation system and our re- by & - .
sulting chemical analyses. Therefore, Fig. 1 and other similar ~ 1©0{°% o ;
scatter diagrams are not only useful in identifying EPP phe- . fiapives s, .
nomena but turn out to be a tool to validate the consistency ‘
of the model and the assimilation scheme.

60
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00 01 02 03 04 05 06 07 08 09 10
CH4 (ppmv)

4.2 Analysis of an EPP-IE case in 2003 usin@mF
diagnostics

In this section and those which follow, we examine the
spatio-temporal distribution of pol@®mFs. Results are first
presented for the period 18 August (Julian day 230) to 5 De-
cember 2003 (Julian day 340) for the South Pole region
(60°S—-90 S). The Northern Hemisphere is not examined in
this section since the EPP-IE influence is smaller in this re-
gion due to numerous factors including the inter-hemispheric
asymmetry of the solar zenith angle, seasonal differences ant 22
different offsets of geomagnetic and geographic poles (Jack-  ot—== = ,
man et al., 2008) as well as a typical stronger planetary wave 66 01 o2 03 04 05 06 07 08 09 10
regime. In Fig. 2 (top panels) the passtdmF plots (without CH4 (ppmv)
chemical assimilation) show massive downward transport of
NO, anomalies from the lower mesosphere to the middleFig. 1. Scatter diagram of N@versus CH for the Southern Hemi-
stratosphere region. Note that the end of the polar night iSPhere (39S-90 S) around 2hPa for MIPAS observations (blue)
approximately indicated by a dashed vertical white line in thear.IOI mOdel. OUtp”t§ (.r ed.)(A) VY'thOUt Chem'ca}l assimilatior(B) ]
figures. We have selected 12 September (day 255) as the ewtr|1D chemlcal assimilation, 1: day mode, 2: nocturnal mode, 3:
. ) . signature.

of the polar night since beyond this date most of the area be-
yond 60 S is partially illuminated over the 24 h period. This
date helpstoillustrate the period at which the photochemistry
starts to have a significant impact on the mean O-P value irf OmF standard deviation (Fig. 2b) is another indication
the region. This choice has been drawn on the various panelsf the strength of the EPP-IE signal in the N@easure-
in order to facilitate the discussion. ments. Note that the slanted dashed line representing the lo-

The rate of descent of the anomalies in the stratosphere isation of the maximum of the passive meamFin Fig. 2a
approximately depicted by the slope of the black dashed linehas been superimposed on Fig. 2b for comparison purposes.
which represents the location of the meéamF local maxi- It indicates that anomalies of the standard deviation of pas-
mum throughout the period for NO Figure 2a also shows sive OmF follow a very close pattern of that of me&@mF
thatOmFis changing sign near the stratopause (around 0.7-With chemical assimilation, the descending tongu®aiF
1 hPa) right after the end of the polar night, suggesting a phoalmost vanishes (Fig. 2¢) and the standard deviation (Fig. 2d)
tochemical dependence on the model bias since Gené& is reduced, particularly along the dashed line which confirms
varies with the solar zenith angle. More interestingly, impor- that our assimilation of MIPAS N@measurements success-
tant OmF anomalies persist at lower altitudes (around andfully incorporates the missing sources of nitrogen during EPP
below 10 hPa along the slanted dashed line) until about Juevents. The large reduction for the biases and standard de-
lian day 295 (end of October) where the polar vortex startsviations following the assimilation of N©O(bottom panels)
to break up thus eliminating the trace of EPPyNBrough  demonstrates the capability of the assimilation system to cap-
mixing processes. Anomalies descending into the middleture the slow time scale errors (lifetime of a few weeks to
stratosphere survive longer after the end of the polar nighta few months) and/or to correct improper initial conditions.
due to the fact that NOphotolysis decreases rapidly below However,OmF anomalies (for example caused by artefacts
the stratopause, which allows tlimF excesses of N®to linked to the sponge layer) are still apparent near the model
reach lower levels. The similar descent in the time seriesop (Fig. 2c and d), which indicates that the assimilation

U e}
e °
o%e, °

o
83 ,

LR
.

NO2 (ppbv)
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Fig. 2. Pressure-time plots of NOOmFin ppbv. Top panels: no chemical assimilati¢h) mean,(B) std. dev. Bottom panel¢C) and(D)

are identical to (A) and (B) respectively but with chemical assimilation included. The domain is the South Pole region (la6fd&es

during 2003. The vertical dashed white line roughly indicates the end of the polar night and the slanted black dashed line, the rate of descent
for the local maximum of mea®mF. Note that no MIPAS-ESA retrievals are available for Niaelow about 25 hPa.

system cannot eliminate those types of fast time scale sys- We now examin®©mpF plots for ozone (Fig. 4). First, note
tematic errors, as explained in Sect. 3. For HN®Big. 3), that the small ozone model deficit (positi@F of ~0.2—
some of the findings noted above apply as seen below. Th@.4 ppmv) which cannot be eliminated after assimilation in
trace of the EPP effects in the middle stratosphere is cleathe upper stratosphere and stratopause regions (Fig. 4c, after
and approximately (with a slight vertical displacement) fol- day 270 near 1 hPa) is attributed to an inaccurate photochem-
lows the descent rate found f@mF NO, anomalies below istry (fast time scales errors, i.e1 day or less). The slanted
1 hPa (depicted by the black dashed line superimposed frordashed line corresponding to the case ohbN§ee on Fig. 2a
Fig. 2a). A new feature appears in the particular case ofand b) has also been superimposed on Fig. 4a and b in order
HNOg, e.g. theOmF signal peaks around 30hPa and be- to establish some connections: as HN&hd NGQ OmF di-
comes very significant towards the end of the polar nightminish along this line (as shown in Figs. 2a and 3a), ozone
(ending around Julian day 255). The latter is attributed toOmFs (Fig. 4a) slowly change sign after the end of the po-
the misrepresentation of denitrification and sedimentation inar night and then gradually intensify (in absolute value) until
the model. Note that with MIPAS assimilation, the bias asso-the last week of October{day 300). This suggests a link be-
ciated with this misrepresentation disappears (Fig. 3c). Thigween NQ, HNO3; anomalies and polar ozone loss (see also
effect is also present in other years of simulation (i.e., 2007Sect. 4.4 for more details). By the time the NOmMF bi-
and 2008) which are non-EPP years (results not shown). Na@ses have been reduced to background levels (around Julian
other major biases are known for the GEM-BACH model for day 295, Fig. 2a), significant negative ozddeF biases de-
HNOj3 in the absence of EPP phenomena (see M2007 fowelop (Fig. 4a near 10 hPa). This indicates that the chemical
more details and Batchelor et al., 2009). For H\N\Ghe  origin of the negative ozone bias is from EPP-NCDur-
large mean and standard deviation associated with EPP aiiag the same period, the HN@mF biases (Fig. 3a) slowly
eliminated and strongly reduced, respectively, by assimila-decrease (although not as quickly as for N@hich also
tion (bottom panels of Fig. 3). The success of assimilationcoincides with the build-up of negative ozofdenF biases.
for HNOs suggests that th©®mF anomalies were not con- The region near 10 hPa around Julian day 285 to 295 cor-
trolled by fast time scales model errors. responds to the maximum depletion of 0zone mixing ratio
(see also Fig. 10). Itis clear that there is a change of regime
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Fig. 3. As Fig. 2 but for HNGQ: Top (without assimilation), bottom (with assimilation), left (mean), right (std. dev.). The rate of descent of

mean NQ OmF (black dashed line) is superimposed for comparison. No MIPAS-ESA retrievals are available fariflh® mesosphere

(above roughly 1 hPa).
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for the chemical constituent anomalies before and after theRinsland et al. (2005) but at higher altitude and for NdDir-
end of the polar night, which is seen more strongly for ozoneing February—March 2004 using ACE observations. In any

and which is attributed to changes in the lifetime of \&bd

cases, computed time scales involved here are slow, support-

HOy families from darkness to sunlit conditions. These dia-ing the connection with a successful chemical assimilation

grams suggest that the excesses of, N partly converted

into NO which contributes to ozone depletion through cat-

and a significant reduction @mF anomalies as shown in
Figs. 2 through 4 (bottom panels) and predicted in Sects. 2.4

alytic reactions when the sun reappears in the polar vortexand 3. From Fig. 4a (and also Fig. 10) it is interesting to
(see Reactions R1 and R2, Appendix A). Figures 2 and 3 als@bserve that it is also after about 55 days followipdi.e.,

allow the calculation of the e-folding times @mFNO, and

Julian day 285) that ozone depletion becomes maximum (i.e.,

HNOj3, throughout the descent, which also turn out to be theOmFreaches a minimum) which is consistent with the above

lifetimes of the HN@ and NG constituents themselves in

results.

this particular situation. Regression analyses using the fol- The presence of an anomalous layer for H{N®the up-

lowing expressions have been conducted tOfitF data to
the following curves:

OmMHNO2) (1) = OMANO) (t,) eXp(—c1(t—1,)) (15)

OmMRHNO3)(r) = OMRHNO3) (1,) exp(—c2(t—1,))  (16)
whereOmF (NO2)(¢) denotes the local maximum passive
meanOmF for NO, at timez, ¢, is the starting time ex-
pressed in Julian day (e.g. day 230) andc», the rates of
decrease of the NDand HNG OmF anomalies with time.
We obtainedr;=0.0183 ®2=0.83, p<0.01) andc»=0.0123
(R?=0.85, p<0.01). The 1¢; e-folding times are about
55 days for the N@ OmF and about 80 days for the HNO

per stratosphere descending and persisting with time into
the middle stratosphere has been explained in terms of hy-
drated ion cluster chemistry (see Reactions R9 and R10, Ap-
pendix A) in the upper stratosphere following EPP events
(Kawa et al., 1995; de Zafra and Smyshlyaev, 2001; Lopez-
Puertas et al., 2005; Orsolini et al., 2005; Stiller et al., 2005;
Jackman et al., 2008). Note that Fig. 3a is consistent with the
pressure-time cross section for MIPAS Hpl@s presented
by Stiller et al. (2005) (their Fig. 1 after 11 August and for
potential temperature smaller than 188Q. It is also con-
sistent with ODIN HN@ measurements (figure not shown).
Figure 5 shows theéOmF diagnosis plots for methane
(CHjy4). This constituent is considered as a good dynamical
tracer which can be used to diagnose the transport character-

OmF, respectively. Those figures are comparable but neveristic of the model and its assimilation system. Small values of
theless significantly higher than a similar evaluation made bythe passiv®©mFmean and standard deviation (Fig. 5a) along
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the slanted dashed line (superimposed from Fig. 2a) indicate 1
that no significant dynamic problem is present in the model §
bias in the middle stratosphere where we have focused oul§
attention so far and where the ozone loss and EPP-IE signag
ture of NG, occurs. This means that the biases shown abovee
are mostly of chemical nature and not driven by the dynam- é
ics. Note that near the stratopause and in the lower strato-§
sphere important O and F mismatches for methane (Fig. 5a}§
are mainly attributed to imprecise initial conditions or model §
top artefacts. In any cases, the £aksimilation of MIPAS

observations generally significantly improves the results for oa 288 2 %04 am o4 %
the systematic biases in the whole domain (Fig. 5c). Day of the year (2003)
4.3 SPE case during boreal winter 2003 Fig. 6. Solar proton flux measurements by GOES-11 (October—

November 2003) for protons having energylMeV (black
Several solar eruptions occurred in October—November 2008ashed), 10 MeV (thin dashed) and 100 MeV (solid black). The
producing an enormous amount of high energy partic|esunit for flux is protons/cr%/day/steradian (source of datduttp:
which penetrated in the polar atmosphere. One eruption affWww.spwc.noaa.gov
the end of October 2003, the so-called “Hallowe’en storm”

is considered to be the fourth largest in the past half century ; Th dard deviai | liahtl
or so with computed N@production in the middle atmo- term forecast. e standard deviations are aiso slightly re-

sphere of 5.6 Gigamoles (Jackman et al., 2008). This soghuceld for('j\l(? V\gthda}.SSimi_ll_?.iOT. (Fig. 7d) especki]ally annfgd
lar flare has led to an extreme distortion of the Van Allen € Slanted dashed line. This line represents the rate of de-

belts (Baker et al., 2004) and left in its wake several geo_sce_nt of the N@ OmF anomalies within the polar \_/ortex .
magnetic storms from mid-November to mid-December pro-WhICh can how t_)e usepl as a proxy for atmospheric subsi-
ducing several episodes of relativistic electron precipitationdence In t_he region. _It IS thus_ (_avaluated at about 11km per
and auroras (Turunen et al., 2009). Figure 6 reproduces thl%:onth Wh'Ch results ina S|gn|f|9ant downward trgnsport (.)f
proton flux data from GOES-1hitp:/www.Spwc.noaa.gov the chemical perturbation following the event. This value is

shortly before and after the SPE which maximum peak tookhigher butin the same range as found by ot'he'r author; (Man-
place around Julian day 302-303 (29-30 October). It is"€Y et al., 1994; Rinsland, 2005) under similar conditions.

therefore anticipated that the “Hallowe'en storm” should Using the same methodology as in the previous section, a

leave a strong signature in the upper atmosphere with :solalleast square fit to the following expression:

proton flux increases to 4 or 5 orders of magnitude above th _ ol
background (for protons having enerdy-10 MeV). Note DMANOZ) (1) = OMANO2) (1) eXpl—c3(1 o) an
that protons withe >30 MeV have sufficient energy to reach givesc3z=0.0315 withR?=0.82 (p<0.01). The e-folding time
the stratosphere and produce MBOy directly in thisregion  1/c3~30 days is about two times smaller here than for the
(Turunen et al., 2009) which can catalytically destroy ozoneEPP-IE case (Sect. 5.2) but is now in agreement with the re-
(see Reactions R1-R4, Appendix A). sults of Risland et al. (2005) obtained for NOThe shorter
Figures 7 through 9 provide th®mF plots for NG, time scale obtained for Nfoas compared to the EPP-IE case
HNOs3 and G respectively with and without assimilation, for is due to the location of the maximu@mF biases now
periods before and after the onset of the storm (the day jusat a higher altitude where the lifetime of NOGs smaller
before the maximum intensity of the storm was felt in the (Brasseur and Solomon, 20050mF for HNO3 (Fig. 8a
stratosphere is indicated by a dashed white vertical line, i.e.and b) show significant excesses in the 1-2 hPa layer (la-
28 October or day 301). We now focus on the North Polebeled as 1) and appearing right after the onset of SPE. Note
(60° N—90° N) since the South Pole region had experiencedthat there were no MIPAS-ESA retrievals available above
only little trace of the SP event of October/November 20031 hPa to be assimilated for HNOIt is very likely that this
(Funke et al., 2005; see also Figs. 2 and 3, Sect. 4.2). Imexcess in HN@ OmF in the stratopause/upper stratosphere
mediately after the onset of the “Hallowe’en storm”, passiveregion is the signature of fast gas phase chemistry (Reac-
OmF means for N@ largely exceeding (by at least 2 orders tions R6—R8, Appendix A) and/or ion recombination chem-
of magnitude) the background values start appearing in théstry (Reaction R5 in Appendix A) following the produc-
upper domain (Fig. 7a and b). These excesses subsided frotion of NOy and HG, during EPP (Brasseur and Solomon,
the mesosphere into the upper stratosphere and even reach2d05; Lopez-Puertas et al., 2005; Jackman et al., 2008; Ver-
the middle stratosphere by the end of the period. With chem+onen et al., 2008). Although the gas phase reactions R6-R8
ical assimilation, N@ biases (Fig. 7c) diminish significantly are included in our model, the lack of assimilation of HO
showing the beneficial impact of assimilation on the shortand NO produces the HN{OOmF trace which appears near
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Fig. 7. Pressure-time plots of NOOmFin ppbv for the SPE case (Hallowe’en storm). Top panels: no chemical assimilg@jomean,(B)

std. dev. Bottom panelgC) and(D) are identical to (A) and (B) respectively but with chemical assimilation included. The domain is the
North Pole (lat-60° N) during 2003. The dashed vertical white line indicates the beginning of the SPE storm (28 October 2003, i.e., Julian
day 301) and the black dashed line represents the rate of descent of th©mean

1hPa on Fig. 8a and b. A secondary maximum of meantime scale because the me@mFs vanish with assimilation
HNO3z OmF in November (labeled as 2) appears at about(as in Fig. 3c) and this only happens in the case of slow time
2 hPa near Julian day 325 to 340 and is associated with thecale reactions (see Sects. 2.4 and 3 ). For the SPE case (see
production and downward transport of N@hich reaches Fig. 8a), we identified 4 regions of maximum HN@mF

the 1 hPa level about 1 month after the onset of the SPHElabeled 1, 2, 3 and 4 on the figure). With assimilation (bot-
event. During the descent in the polar vortex, active nitrogentom panels of Fig. 8), the maxima of region 3 and 4 disappear
compounds are converted into HY®ut some controversy and only 1 and 2 are reduced but still hang around after as-
seems to exist about the origin of the Hl®&hancement. similation. This would indicate that the former are associated
Aikin (1994, 1997) and Verronen et al. (2008) claimed that with slow time scale errors whereas the latter are linked with
the ion-ion recombination is the most important process infaster time scale errors. Since ion-ion recombination is a fast
the upper stratosphere to explain the HNEDhancement fol-  time scale process, it is unlikely that this process is associ-
lowing EPP. However, this process becomes less importanated with region 3 for example. However, in regions 1 and 2,
in the middle or lower stratosphere at the expense of the ionion-ion recombination could play a major role (as suggested
cluster chemistry and/or heterogeneous chemistry. On thé Verronen et al., 2008).

other hand, Kawa et al. (1995), McDonald et al. (2000), de On the other hand, the e-folding time computed above
Zafra and Smyshlaev (2001), Orsolini et al. (2005), Stiller et(~30 days) matches the time scale of processes associated
al. (2005), also analyzed HN@nhancement following EPP  with the theory of ion cluster chemistry involving water for
events and came to the conclusion that ion-cluster chemistrijlO, decrease in region 3 (see Stiller et al., 2005). In the
and/or heterogeneous chemistry on sulfate aerosols were thewer stratosphere, relatively important model errors also ex-
two dominant mechanisms of production in the stratospherdst (labeled 4 on Fig. 8a and b) with a sharp and persistent
of enhanced HN®@Ilayers. In Fig. 3a, we show tHemF as- meanOmF maximum for HNQ around 20-30 hPa during
sociated with HNQ. Above 10 hPa, (mostly before the polar the period. The latter phenomenon is not related to SPE event
night), the signature of this HNenhanced layer appears (since it started to build up long before day 301) and could
very clearly. In figure 3a, the enhancement is not likely to be explained by some model deficiencies regarding pi-

be associated to ion-ion recombination process which a fasitioning in the region.
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Fig. 8. As Fig. 7 but for HNQ. No data is available for HN@above roughly 1 hPa.

Figures 7 and 8 indicate that the nature of the errors in theday 301) is linked to a known misrepresentation of the photo-
stratosphere is mostly associated with initial conditions orchemistry (M2007) as in the case of EPP-IE in the Southern
slow time scale modeling errors (except for those near 1 hPa)}demisphere. Finally, at the model top, assimilation has little
Note that signature of SPE persisting after assimilation in theeffect due to fast time scale errors linked with the sponge as
upper stratosphere and stratopause regions (labeled as 1 opPeviously noted. In summary, MIPAS-ESA data is useful
in top panels of Fig. 8) would indicate, in principle, fast time for assimilation and diagnostic purposes even in periods of
scale model errors. However, for the region labeled as 2strong EPP effects at least in the region 30—45 km where im-
it is not possible to confirm this evaluation made with the pact on the on the ozone column is likely to occur at least in
OmF method since there were no data to assimilate aboveéhe cases shown in this study.

1 hPa where the air originated from. Nevertheless, Jackman

et al. (2008) demonstrated that a buildup ofQ¥ (a pre- 4.4 Calculation of the polar ozone loss due to EPP based
cursor of HNQ@, see Reactions R9-R10, Appendix A) takes on OmFs

place in that region in their model for the same event. This

seems to support the presence of hydrated ion cluster chenn this section, we evaluate the stratospheric partial column
istry making unclear the real origin @mFinregion2. Asa  ozone loss for the cases studied previously in Sect. 4.2 and
matter of fact, according to Verronen et al. (2008), the HNO 4.3 with the help of the mea®mF cross sections. Fig-
enhanced layer should be due to ion/ion recombination proure 10 shows time series of the pass@aF biases for @,

cess as discussed above. NO, and HNQ; at the 14.5hPa level for the EPP-IE case

Coincident with excesses for the N@mily in the region  described in Sect. 4.2. This level was selected since it corre-
1-2hPa, a reduction of the ozo@mF mean (Fig. 9a) is  sponds to the maximum impact of EPP (maximum absolute
clearly noted after the onset of SPE with the lowest value ocvalue of mearOmF biases) of ozone. During the polar night
curring around days 325-330 (see also Fig. TipFbiases  (Julian day 230-255PmF biases for NG and HNG and
are about 0.2 to 0.6 ppmv shortly before day 301 and fall toozone display a weak positive correlation whereas when the
near zero following the SPE. This reduction demonstrates itgolar region is illuminated but the polar vortex still present
sensitivity to the N@ background conditions in the region.  in the lower stratosphere (day 270-315), the relationship is

The positive 0zone model bias which appears in the backehanged to a negative correlation (see Table 1 for details).
ground in the lower mesosphere/upper stratosphere regiofhe increase ofOmF biases for NQ starting around Ju-
(0.5-2 hPa) throughout the whole period (but mostly beforelian day 270 is clearly related to the increase brought by the
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Fig. 9. As Fig. 7 but for G (units are ppmv).

ppmv ppbv/DU cap). The resulting time variation of the “targeted ozone par-

10 4 tial column” (in DU units) of the mea®mF between 7 and

o.sw ) 30hPa is also computed and provided in Fig. 10 (magenta

06 H curve). The difference between Julian days 230-255 (during

0.4 o the polar night) and the period after (days 285-315 just be-

0.2 fore the vortex breakup) was found to be 558 DU (Dob-

00 =2 son unit). This is believed to be the average impact (over
—o2 j —a about 1 month period) of the EPP-IE event on the reduction
o4 of the ozone column over the South Pole region. Table 1

) -6 summarizes the results. This estimate could be compared
—oe with an evaluation of WMO (2007) on ozone depletion where
—08L... —ud =8 the impact due to EPP was determined to be less than about

230 240 250 260 270 280 290 300 310 320 330 340

Day of the year (2003) 10DU.

We now apply the same methodology but for the SPE case.

Fig. 10. Time series of passive me@mF for Oz (black), HNQ;  Figure 11 depicts time series 0NO, and HNG; and par-
(green), and N@ (blue) at 14.5 hPa for the South Pole region (lati- tial 0zone column for the me&@mF at an appropriate level
tudes>60° S) during 2003. Units are ppmv forgand ppbv for  (i.e., 1.585 hPa in this case) based on plots of Fig. 9a for the
HNO3z and NG. The partial ozone column associated with the North Pole region. The biggest increase of m&mF for
meanOmF (in DU) is plotted in magenta. The vertical black line  NO, occurs just after the SPE (Julian day 301) as expected
roughly indicates the end of the polar night. (consistent with Figs. 6 and 7a). The “target partial column”

where the depletion takes place is now from 0.5 to 4 hPa

(based on Fig. 9a). The difference between the ozone partial
vertical transport in the polar vortex (as shown by the dashed:olumn mearOmF before and after the SPE is evaluated, as
line in Figs. 2 through 4) combined with the presence of sun-an average, to 0890.5 DU (which is much smaller than that
light. The drop (increase) of the ozone médamFis anti-  for the EPP-IE case). The lesser confinement in the NH po-
correlated to the rise (drop) of the me@mF for NO, and lar vortex and the high altitude (near 1 hPa) of the ozone loss
to a certain extent to the me®mF for HNOgs after Julian ~ where the air density is weak explains the small impact on
day 255 (when illumination approximately starts at the polarthe ozone column. We have conducted sensitivity tests on the
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Table 1. MeanOmF correlation coefficients and average oz@éhaF partial columns for the EPP-IE case during the polar night (before
day 255) and under illumination (day 285-315).

Before day 255 Day 285-315 Difference

Avg. partial column of

meanOmF (DU): 3.03+ 0.90 —2.43+1.92 5.5+ 2.8
Correlation coefficient

for NOy vs. O3 meanOmF 0.18** —0.66 Change of sign
HNO3 vs. O3 0.34** —0.63 Idem

NO5 vs. HNO3 —0.52* 0.96 Idem

* Correlation coefficient statistically significant with a level of confidence above 95%.
* Not statistically significant above 95%.
Otherwise, statistically significant above 99%.

ppmv/DU ppbv 1.45DU (maximum daily average) which is still about two
14 0 times less than Vogel et al. (2008) but very close to Jack-

man et al. (2005) who obtained about 1.5 DU for the same

event. As mentioned by Vogel et al. (2008) concerning the

12

1.0 30

08 SPE event of 2003: “on an absolute scale, the differences
o6 2 are small and our results support the conclusion of Jackman
2’: o et al. (2005) that the impact of solar proton events on the
o:o Northern Hemisphere total polar ozone decreases is small”
o2 o (end of Sect. 5 of Vogel et al., 2008, paper). Results from
—oa our study also agree with this statement. Note that the weak
P T T impact of this SPE case on the ozone column is likely to be
230 240 250 260 270 280 290 300 310 320 330 340 due to a lack of synchronism with favorable meteorological

Day of the year (2003) conditions (see Randall et al., 2006).
An alternative method for computing the polar ozone loss

Fig. 11. Same as Fig. 10 but for the SPE case and centered ajvould be to subtract the total column of the passive from the
1.585hPa in the North Pole region (latitud®0° N) during 2003.  gactive case. The latter approach has been apparently success-
The vertical bicak line roughly indicates the onset of the impact of f| in evaluating the polar loss due to heterogeneous chem-
the SPE on the stratosphere (i.e., day 301). istry in the polar vortex (Orsolini, 2008). Note however, that

in this case, the signal of heterogeneous chemistry in the PSC

(polar stratospheric cloud) is maximum where the weight
depth of the “target layer” used to make calculations of polaron the total ozone column is also maximum (between 30—
ozone loss in both cases (EPP-IE and SPE) without much dif100 hPa). Since, in the context of our study, EPP-IE impacts
ference in the results. A significant anti-correlation betweenon ozone is negligible below 30 hPa, this rather justifies the
meanOmF for NO, and G (R=—0.59) develops after the use of partial column (7-30hPa). Moreover, the use of to-
onset of SPE illustrating the role of NGn ozone destruc- tal column would not be accurate in our case since: (1) the
tion. Table 2 summarizes the correlations between speciesignal/noise ratio of EPP impacts is likely to be low in the
for the SPE event. Note that ozone is also affected by HO lower stratosphere, (2) the total column variations between
production from EPP (Reactions R3—-R4, Appendix A) but the two cases (passive and active) could be due to other fac-
the study of this family of constituents is beyond the scopetors (e.g. chemistry biases, observation and retrievals errors,
of this paper since no MIPAS measurement is available inétc.) not linked to EPP, and (3) total column calculations
this case. In any case, its effect is transient and has a small@re particularly sensitive to errors in the lower stratosphere
impact after the end of the polar night due to their fast pho-where air density is higher.
tochemical time scales. Note that for the same case, Vogel The polar loss from EPP can also be estimated without any
et al. (2008) found an ozone depletion of 3.3 DU (maximum reference to chemical monitoring or assimilation as done by
daily average) for latitudes greater thar? 78quivalent lati-  other authors. However, it requires either costly and complex
tude). To be able to compare with this result, re-computatiormodeling or parameterization of coupled ion-neutral chem-
of ozone loss has to be done for latitudes greater thdn 70 istry, ion drag and auroral processes, non-LTE effects, short-
instead of 60, and for daily average. The computation gives wave heating at extreme ultraviolet wavelength (see Brasseur
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Table 2. MeanOmF correlation coefficients and average ozé@wF partial columns for the SPE case shortly before and after the onset of
the SPE.

Shortly before day 301  Day 305-332 Difference

Avg. partial column of

meanOmF (DU) 0.86+0.14 —0.05+0.34 0.910.48
Correlation coefficient

for NO, vs. O3meanOmF N/S —0.59 N/A
HNO3 vs. O3 N/S —0.11* N/A

NO> vs. HNG3 —0.63** 0.27** Change of sign

N/S: No correlation (not significant)

N/A: non applicable

* Not statistically significant above 95%.
Otherwise, statistically significant above 99%.

and Solomon, 2005; Jackman et al., 2008), a higher modeDmFfilters out processes that the model simulates well and
top (at least in the MLT region), EPP sources modeling (Se-thus better isolates anomalies such as excesses jndN®
meniuk et al., 2005; Jackman et al., 2008; Vogel et al., 2008to EPP impacts within the polar vortices which are not pro-
Baumgaertner et al., 2009), hydrated ion cluster chemistryided by the model. Combined passive and adiveFs of-
(Kawa et al., 1995; de Zafra and Smyshlyaev, 2001; Brasseufer a tool which permits an assessment of the nature of the
and Solomon, 2005), ion-ion recombination (Aikin, 1994, OmFresiduals and their e-folding time (i.e., errors due to the
1997; Verronen et al., 2008) or involves long model integra-initial conditions and modeling errors at various time scales).
tions (Rozanov et al., 2005) or necessitates extensive multiThe tool also turns out to be a useful method for model and
year comparison of observations under different meteorologassimilation assessment. Our results indicate delays of about
ical conditions (Randall et al., 2006 and 2007). Use of bothone month or so, identified on different occasions between
passive and activ®@mFs as presented in our study could be the maximumOmF biases for NQ and the build-up 0OmF
viewed as an alternative method to existing approaches whildiases for HNQ, suggesting the possibility of the occurrence
providing significant insight on the impact of EPP events.  of slow time scale reactions, such as those involved in hetero-
geneous hydrated ion cluster chemistry. These chemical pro-
cesses are absent from current stratospheric chemistry mod-
els. Finally, using a method based on the “target partial col-
umn”, we were able to infer the impact of EPP on the strato-
spheric polar ozone loss by using time series of the passive

HNO3, CHs and temperature during two EPP (energetic par—tci)T]';br'?ﬁeséThti aF\)/eIragle;i;nza%tocC)}nSths cotjmg oz?ir;ne ?egle—
ticle precipitation) events that occurred in 2003 (EPP-IE dur-t Ob ° b et 505UDU fo etrE aE;PEIE ) ;s . eeA ?S t'a €
ing austral winter and SPE during boreal winter). To the best > P about - orthe I case during Antarctic win-

I 0,
of our knowledge, it is the first time that chemical data a:ssim-ter 2003. This represents up to 5% of the value of the total

ilation has been successful in capturing the EPP signal WithinCOIumn ozone found in the ozone hole and is therefore sig-

the polar vortices or elsewhere. Errera et al. (2008) have a%ggavr\],;s Ir:r?(;dtg; igﬁp‘;ﬁﬁ’ tgh(:hgh;g]g?gy;:g?gﬁg dotzc?rt])i

similated MIPAS-ESA for a longer period covering different about 1 DU. Therefore, despite stronger geomagnetic effects
EPP events but did not succeed in capturingyMbduced associated to SPE, the resulting ozone depletion is less im-

by EPP. In our study, an estimation of the error variances .
(based on the H-L method adapted to satellite data) and ggg?gt |rr_1nthg Ss?rilN:tZ?S'(Ia'he:asr(;(;?c?r?sf?(ojrt&'tsr]er?nEzgif
relaxed quality control prevented the rejection of large (but uring au winter. ! ' '

valid) NO, and HNG, OmF residuals associated with EPP (1) a weaker and less confined polar vortex in the NH than

events. This demonstrates the high importance of prescri the SH, and (2) a possible lack of favorable synchronism of

meteorological conditions after the onset of the SPE favor-

ing error statistics prior to assimilation in a rigorous way and . e
using an appropriate relaxed quality control, as was done ifnd strong descent (see Randall et al., 2006, 2007; Sepp

this study al., 2007; Siskind et al., 2007; Turunen et al., 2009). Conse-

The chemical signature of EPP events has been analyze%uemly’. for the SPE case, ozone depletion mo;tly took pIa_lce
and diagnosed with a new tool using both passive (WithoutIn tf:e hlgt)Eerts:r?tosphere r:md meépsp”here with a small im-
assimilation) and active (with assimilatio®mF cross sec- pact on the folal ozone column. Fnaty, one consequence

tions of both mean and standard deviations. The passivé)f our work is that, from an assimilation point of view, slow

5 Summary and conclusions

The GEM-BACH coupled dynamical-chemical data assim-
ilation system has been used to ingest MIPAS JNQj,
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