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Abstract. Solar eruptions sometimes produce protons,similar in amounts and temporal variation in WACCM3 and
which impact the Earth’s atmosphere. These solar protorMIPAS. WACCM3 simulated CIO decreases below 50 km,
events (SPEs) generally last a few days and produce higiwhereas MIPAS mainly observed increases, a very perplex-
energy particles that precipitate into the Earth’s atmosphereing difference. Upper stratospheric and lower mesospheric
The protons cause ionization and dissociation processes th&Oy increased by over 10 ppbv and was transported during
ultimately lead to an enhancement of odd-hydrogen and oddpolar night down to the middle stratosphere in several weeks
nitrogen in the polar cap regions-60° geomagnetic lati- past the SPE. The WACCMS3 simulations confirmed the SH
tude). We have used the Whole Atmosphere CommunityHALOE observations of enhanced M@ September 2000
Climate Model (WACCM3) to study the atmospheric im- as a result of the July 2000 SPE and the NH SAGE Il ob-
pact of SPEs over the period 1963—-2005. The very largesservations of enhanced N@ March 1990 as a result of the
SPEs were found to be the most important and caused a©ctober 1989 SPEs.

mospheric effects that lasted several months after the events
We present the short- and medium-term (days to a few
months) atmospheric influence of the four largest SPEs in
the past 45 years (August 1972; October 1989; July 2000,;L
and October—Novembe_r 2(.)03) as computed by WACCM?.'The Earth’s atmosphere is occasionally bombarded by a large
and observed by satellite instruments. Polar mesospheri
NOyx (NO+NQy) increased by over 50 ppbv and mesospheric
ozone decreased by over 30% during these very large SPE
Changes in HN@, N2Os, CIONO;, HOCI, and CIO were in-
directly caused by the very large SPEs in October—Novembe
2003, were simulated by WACCMS3, and previously mea-
sured by Envisat Michelson Interferometer for Passive At-

Introduction

fiux of protons during solar proton events (SPEs). Although
relatively infrequent, some of the especially large SPEs have
een documented to have a substantial influence on chemical
constituents in the polar middle atmosphere, especially,HO
Noy, and ozone (e.g. Weeks et al., 1972; Heath et al., 1977,
Reagan et al., 1981; McPeters et al., 1981; Thomas et al.,

. . 1983; McPeters and Jackman, 1985; McPeters, 1986; Jack-
mospheric Sounding (MIPAS). WACCM3 output was also man and McPeters, 1987; Zadorozhny et al., 1992; Jackman

represented by sampling with the MIPAS averaging kemely, o “1 995 2001, 2005a; Randall et al., 2001: Seppala et al.,

for a more yalld comparison. Although qualitatively similar, 2(%04, 2006: bpez-Puertas et al., 2005a, b; von Clarmann et
there are discrepancies between the model and measureme

with WACCM3 predicted HNG and CIONG enhancements eﬂ., 2005; Orsolini et al., 2005; Degenstein et al., 2005; Ro-

. . hen et al., 2005; Verronen et al., 2006). The influx of solar
being smaller than measured ang® enhancements being rotons during large events, which are more frequent near so-
larger than measured. The HOCI enhancements were fairly) g'arg ' q

Yar maximum, can strongly perturb the chemical composition
Correspondenceto: C. H. Jackman of the polar middle atmosphere via ionization, dissociation,
(charles.h.jackman@nasa.gov) dissociative ionization, and excitation processes.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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The important constituent families of HO(H, OH,
HO2) and NG (N(*S), N¢D), NO, NO,, NOsz, N2Os,
HNO3, HO;NO,, CIONO,, BrONQ,) are produced either

C. H. Jackman et al.: Atmospheric effects of very large solar proton events

on single very large SPE periods. For example, Jackman et
al. (1993, 1995) studied the October 1989 SPEs; Semeniuk
et al. (2005) and Jackman et al. (2007) investigated the Oc-

directly or through a photochemical sequence as a result ofober/November 2003 SPEs; and Krivolutsky et al. (2006)

SPEs. The SPE-produced K@onstituents are important in

considered the July 2000 SPE. The purpose of this work

controlling ozone in the upper stratosphere and mesospherie to use WACCMS3 to investigate the global effects of four
(pressures less than about 2 hPa). Short-term ozone destrueery large SPE periods over solar cycles 20-23 (years 1963—
tion via the HGQ species proceeds through several catalytic2005), namely, the August 1972, October 1989, July 2000,

loss cycles such as

OH+0O3 — HO2+0»
followed by HQ+O — OH + O,

Net: O+Q; — Ox+0s

and H+Q — OH+0O,
followed by OH+O— H+O»

Net: O+Q; — O2+0s.

The SPE-produced NO(NO+NQO,) constituents lead
to short- and longer-term catalytic ozone destruction in
the lower mesosphere and stratosphere (pressures grea
than about 0.5 hPa) via the well-known jOzone loss cycle

NO+0O3 — NO»+0O2
followed by NQ+O — NO+0O,

Net: O+Q; — O2+0s.

and October 2003 SPEs. The atmosphere was undergoing
substantial changes from 1963—2005 with ground chlorine
source gas amounts increasing from about 0.9 to 3.3 ppbv
and ground carbon dioxide amounts increasing from about
317 to 380 ppmv. Also, the SPE periods themselves were
somewhat different with significant variations in the tem-
poral and altitudinal extent and intensity of the particular
events.

Some recent work (e.g., Jackman et al., 2001, 2005a; Ro-
hen et al., 2005; Krivolutsky et al., 2006) has indicated that
the observed NPenhancements and ozone decreases during
and shortly after SPEs can be fairly reasonably simulated.
However, recent measurements of SPE-caused short-term
enhancements of HOCI, CIO, and CIOMN@on Clarmann
et al., 2005) and HN@ and NOs (Lbpez-Puertas et al.,

#05b) have not yet been compared with global model sim-

ulations in the literature to the best of our knowledge. Also,
the medium-term polar enhancements in,N® September
2000 attributed to the July 2000 SPE (Randall et al., 2001)
have not yet been modeled with a general circulation model
as far as we know.

This investigation will focus on the short-and medium-
term (days to months) atmospheric influence caused by the
very large SPE periods in August 1972, October 1989, July

There have been a number of modeling studies focuse@000, and October—November 2003. We will compare our
on understanding and predicting the atmospheric influenc®VACCM3 predictions with observations from several satel-
of SPEs (e.g. Warneck, 1972; Swider and Keneshea, 1973ite instruments documenting SPE effects during these four

Crutzen et al., 1975; Swider et al.,, 1978; Banks, 1979;

periods. As part of this analysis we will discuss SPE-

Fabian et al., 1979; Jackman et al., 1980, 1990, 1993, 199%aused short-term enhancements in HN®,05, HOCI,
2000, 2007; Solomon and Crutzen, 1981; Rusch et al., 1981CIONO;, and CIO and compare WACCM3 and satellite mea-

Solomon et al., 1981, 1983; Reagan et al., 1981; Jackma

Burements in October—November 2003. We will also com-

and McPeters, 1985; Roble et al., 1987; Reid et al., 1991; Vittpare WACCM3 with observations of the medium-term NO

and Jackman, 1996; Vitt et al., 2000; Krivolutsky et al., 2001,

enhancements caused by the SPEs (up to several months past

2003, 2005, 2006; Verronen et al., 2002, 2005, 2006; Semethe events). This study will ultimately provide a test of the
niuk et al., 2005). Most of these studies were carried outability of a general circulation model with chemistry to sim-

with lower dimensional models (0-D, 1-D, 2-D); however, a

ulate several different SPE periods.

few used three-dimensional (3-D) models (e.g. Jackman et This paper is divided into seven primary sections, includ-

al., 1993, 1995, 2007; Semeniuk et al., 2005; Krivolutsky et

ing the Introduction. The solar proton flux and ionization rate

al., 2006) to investigate the more detailed global effects ofcomputation are discussed in Sect. 2 and SPE-induced pro-

SPEs.

In this study we have used version 3 of the Whole Atmo-
sphere Community Climate Model (WACCM3), which is a
fully coupled general circulation with photochemistry model
with a domain that extends from the ground to the lower
thermosphere. WACCM3 allows study of the detailed time-

duction of HQ, and NG, are discussed in Sect. 3. A descrip-
tion of the satellite instrument measurements and WACCM3
is given in Sect. 4. WACCM3 model results for short-term
(days) constituent changes, with comparisons to measure-
ments for some very large SPEs of the past 45 years, are
shown in Sect. 5 while medium-term (months) constituent

dependent 3-D atmospheric response to a variety of perturehanges caused by SPEs are discussed in Sect. 6. The con-
bations. Earlier studies of SPEs with 3-D models focusedclusions are presented in Sect. 7.

Atmos. Chem. Phys., 8, 765-785, 2008
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2 Proton measurement/ionization rates lon rates (#cm™s™'): Oct—Nov 2003 SPE

0.001 C T T T \0‘\ T T T T T T 90~
Solar proton fluxes have been measured by a number of satel- E %x %, E
lites in interplanetary space or in orbit around the Earth. The . 0.010 3 B0
National Aeronautics and Space Administration (NASA) In- $ oi00E @ () 70 E
terplanetary Monitoring Platform (IMP) series of satellites » L 887 60 3
provided measurements of proton fluxes from 1963-1993 2 1000 F 50 2
(Jackman et al., 1990; Vitt and Jackman, 1996). The Na- £ = 40 g
tional Oceanic and Atmospheric Administration (NOAA) 10.000 [~ 302
Geostationary Operational Environmental Satellites (GOES) ¢ 20 &
were used for proton fluxes from 1994—2005 (Jackman et al., 26 28 30 1 3 5 7

2005b) October November

Proton flux data from IMP 1-7 were used for the years
1963-1973. These data were taken from T. Armstrong andrig- 1. Daily average ion pair production rates using the GOES 11
colleagues (University of Kansas, private communication,pmton flux measurements for 26 October through 7 Novem-
1986; see Armstrong et al. (1983) for a discussion of the?er 2003, Contour levels are 100, 200, 500, 1000, 2000, and
IMP 1-7 satellite measurements). A power law was used5000 cmes
to fit these flux data as a function of energy, which were as-
sumed to be valid over the range 5-100 MeV (Jackman e

al., 1990) and then degraded in energy using the scheme fir . : :
discussed in Jackman et al. (1980). The scheme includest%rg October—November 2003, a very intense period of SPES,

d i f by all th . d ted e 28-31 October 2003 SPE period was the fourth largest
eposition of energy by all the protons and assoclaled Secyg o past 45 years (see Table 1). Very large daily aver-
ondary electrons. The energy required to create one ion pa'ége ionization rates 0£5000 cn3 s~ extending from 0.01

was assumed to be 35eV (Porter et al., 1976). A
to 1 hPa are computed for 29 October 2003. Large ioniza-
IMP 8 was used for the proton flux data for the years 1974— Pu ge loniz

tion rates>1000 cnT3s~1 extending from the upper strato-
1993. Vitt and Jackman_ (1996) take advantage of the meaéphere through the mesosphere are computed for 28—-30 Oc-
surements of alpha particles by IMP 8 as well and use Proiober 2003
ton fluxes from 0.38-289 M.E?V and alpha _quxes from 0.82- These ionization rate data are provided as functions
37.4MeV in energy deposition computations. The energyOf oressure between 888 hPa-(km) and 8&10-5hPa

deposition methodology is similar to that discussed in Jack-
man et al. (1980). Alpha particles were found to add about( 115km) at the SOLARIS (Solar Influence for SPARC)

10% to the total ion pair production during SPESs. website (http://www.geo.fu-berlin.de/en/met/ag/strat/

Four GOES satellites are used for the proton fluxes in_research/S_OLARIS/Ianniata/lndex.html) and can be used
model simulations.

years 1994-2005: 1) GOES-7 for the period 1 January 1994"
through 28 February 1995; 2) GOES-8 for the period 1
March 1995 through 8 April 2003, and 10 May 2003 to 18
June 2003; 3) GOES-11 for the period 19 June 2003 to 383 Odd hydrogen (HOy) and odd nitrogen (NGQy) pro-
December 2005; and 4) GOES-10 to fill in the gap of miss-  duction
ing proton flux data from 9 April through 9 May 2003. The
GOES satellite proton fluxes are fit with exponential spec-3.1 Odd hydrogen (HQ production
tral forms in three energy intervals: 1-10 MeV, 10-50 MeV,
and 50-300 MeV. The energy deposition methodology agairProtons and their associated secondary electrons produce odd
is that discussed in Jackman et al. (1980). hydrogen (HQ). The production of HQ takes place after
There are uncertainties associated with these proton fluxeshe initial formation of ion-pairs and is the end result of com-
especially given the large number of satellite instrumentsplex ion chemistry (Swider and Keneshea, 1973; Frederick,
used to compile the measurement record. We have mad&976; Solomon et al., 1981). Generally, each ion pair results
some straightforward comparisons of particular proton fluxin the production of approximately two HGspecies in the
measuring instruments and estimate the proton flux uncerupper stratosphere and lower mesosphere. In the middle and
tainties to be up to 50%. Although it is beyond the scope ofupper mesosphere, an ion pair is calculated to produce less
the present study to undertake a more detailed comparisorthan two HQ species. The HQproduction from SPEs is
we recommend that such an investigation be accomplisheéhcluded in WACCM3 using a lookup table from Jackman et
by experts in the field of solar particle observations. al. (2005a, Table 1), which is based on the work of Solomon
The daily average ion pair production rates for years 1963-et al. (1981). The HQ constituents are quite reactive with
2005 were computed from the energy deposition assumingach other and with other constituents and have a relatively
35eV/ion-pair. An example of the daily average ionization short lifetime ¢-hours) throughout most of the mesosphere

bate (cnm3s1) is given in Fig. 1 for a thirteen day period

www.atmos-chem-phys.net/8/765/2008/ Atmos. Chem. Phys., 8, 765-785, 2008
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Table 1. Largest 15 Solar Proton Event Periods in Past 45 Years.

Date of SPE(s) Rank Computed N®roduction
In Middle Atmosphere (Gigamolés

19-27 October 1989 1 11.

2-10 August 1972 2 6.0

14-16 July 2000 3 5.8

28-31 October 2003 4 5.6

5-7 November 2001 5 5.3

9-11 November 2000 6 3.8

24-30 September 2001 7 3.3

13-26 August 1989 8 3.0

23-25 November 2001 9 2.8

2—7 September 1966 10 2.0

15-23 January 2005 11 1.8

29 September—3 October 1989 12 1.7

28 January-1 February 1967 13 1.6

23-29 March 1991 14 15

7-17 September 2005 15 15

1 Gigamole=6.0% 1032 atoms and molecules

<= 10?

= = =
=) =) 1S
2 2z 2

NO, production (Gigamoles/yea
o
<

NO, Production; Sunspot No.
IR R R R |

SPE source

[y - N

o o (=]

(=} (=} (=}
Sunspot Number

a1
=]

2005
Year

produced per ion pair and divide the proton impact of N atom
production between ground state45% or~0.55 per ion
pair) and excited state-65% or~0.7 per ion pair) nitrogen
atoms (Porter et al., 1976). Following the discussion in Jack-
man et al. (2005a), we assume production of 0.55 ground
state NfS) atoms per ion pair and 0.7[) atoms per ion
pair for our model simulations.

SPEs can also lead to a reduction in odd nitrogen
via production of N{S), when the NQ loss reaction,
N(*S)+NO—N,+0, is increased. This NQloss mecha-
nism is important during especially large SPEs, when a huge
amount of NQ is produced in a short period of time (Rusch
etal., 1981). In spite of the associated enhanced loss gf NO
during these disturbed periods, SPEs usually lead to a net
increase in N@. Figure 2 shows a time series of our com-

Fig. 2. The NG, production (gigamoles per year) in the middle at- puted annually averaged global N@roduction from SPEs
mosphere by SPEs is indicated by the histogram with the left ordi-in the middle atmosphere. The N@roduction roughly fol-

nate showing the scale; the annual averaged sunspot numbers are ||
dicated by the dashed line with the right ordinate showing the scale
and the number of the solar cycle (SC) is also indicated (SC 19

SC 20, SC 21, SC 22, SC 23). Plotted values foryNs@oduction

are taken from Jackman et al. (1980, 1990, 2005b), Vitt and Jack

man (1996), and recent computations.

Bws the solar cycle with maximum (minimum) production
hear sunspot maximum (minimum).
Although the solar UV-induced oxidation of nitrous oxide

(N20+O(D)—NO+NO) provides the largest source of NO

in the middle atmosphere (52-58 gigamoles per year; Vitt
and Jackman 1996), the SPE source of,N@n be signifi-
cant during certain years. This is especially true at polar lati-

(Brasseur and Solomon, 1984, see Fig. 5.28) and thus aréldes where the transport from lower latitudes and the larger
important only during and shortly after solar events.

3.2 Odd nitrogen (N¢) production

solar zenith angles result in a somewhat smaller local source
of NOy due to NO oxidation. Table 1 shows the magnitude
of the fifteen largest individual SPEs, in terms of the com-
puted middle atmospheric NQproduction, during the past

Odd nitrogen is produced when the energetic charged par45 years. Note that eight of these event periods occurred
ticles (protons and associated secondary electrons) colligduring the current solar cycle (1996-2007).
with and dissociate N We assume that1.25N atoms are

Atmos. Chem. Phys., 8, 765-785, 2008
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The NG, family has a lifetime of months to years in the tails about WACCM3 and model results are given in Sassi et
middle and lower stratosphere (e.g. Randall et al., 2001al. (2002, 2004), Forkman et al. (2003), Richter and Garcia
Jackman et al., 2005a). Therefore, the effects of the SPE006), and Marsh et al. (2007).
produced N@ can last for several months, especially when
large solar events occur in late fall or winter. 4.2 WACCM3 simulations

WACCM3 was forced with observed time-dependent sea sur-
face temperatures (SSTs), observed solar spectral irradiance
4.1 Description of the Whole Atmosphere Community Cli- a_md geomagnetic activity changes, and obsgrved concen_tra-
mate Model (WACCM3) t|o_ns of gr_eenhouse gases and halogen species over the simu-
lation periods (see Garcia et al., 2007). We have completed a

The Whole Atmosphere Community Climate Model is basednumber of WACCM3 simulations, either with or without the

on the National Center for Atmospheric Research'’s Commu-da”y ionization rates from SPEs. The ionization rates, when

nity Atmospheric Model (CAM). The current version of the included, were applied uniformly over bqth polar cap regions
model, WACCMS3, is derived from CAM, version 3 (CAM3), (60-90 N and 60-90S geomagnetic latitude) as solar pro-

and includes all the physical parameterizations of that modeltONS are guided by the Earth.’s magnetic field lines to these
A description of CAM3 is given in Collins et al. (2004), areas (McPeters et al., 1981; Jackman et al., 2001, 2005a).

which details the governing equations, physical parameter] N€ €ffécts are not expected to be symmetric between the
izations and numerical algorithms. The reader is referred’€mispheres because of the differing offsets of geomagnetic

to the CAM Web site (http://www.ccsm.ucar.edu/models/ @nd geographic poles. Other differences between the hemi-
atm-cam/) for more information. spheres are primarily driven by seasonal differences in the

WACCM3 has fully interactive dynamics, radiation, and northern and southern polar regions. Transport and solar an-

chemistry. WACCM3 not only incorporates modules from gle dispa}rities dug to Se?‘s"”"?" changes are the main causes
CAM3, but also the Thermosphere-Ionosphere—MesosphereQf these inter-hemispheric variances.

Electrodynamics General Circulation Model (TIME-GCM) A list of the WACCM3 simulations and their designation
and the Model for OZone And Related chemical Tracersin this study is given in Table 2. Usually an ensemble consist-
(MOZART-3). WACCM3 is a global model and has 66 verti- ing of four simulations with different initial conditions was
cal levels from the ground to 4510-6) hPa (approximately ~ run for each experiment. Simulation 1(a, b, c, d) with SPEs
145 km geometric altitude). Vertical resolution4sl.5km  covered the full period 1 January 1963-31 December 2005.
between the surface and about 25km. Above that altitudeSince the year 1989 was very active in terms of SPEs (see
vertical resolution increases slowly to 2 km at the stratopausdable 1), simulations with SPEs (see 2a, b, ¢, d) and with-
and 3.5km in the mesosphere; beyond the mesopause, tfit SPEs (see 2w, X, y, z) were performed to study the 16
vertical resolution is one half the local scale height. The lat-month period, 1 January 1989-30 April 1990. The very large
itude and longitude grids have spacing 6fahd 3, respec-  July 2000 SPE was studied in further detail over the period
tively. 2 July—30 September 2000 using simulations with SPEs (see

WACCM3 incorporates most of the CAM3 ingredients, 3&. b, ¢, d) and without SPEs (see 3w, X, y, z). The very large
however, its gravity wave drag and vertical diffusion param_ late OCtOber/early November 2003 SPEs were studied in fur-
eterizations are modified somewhat and described in Garcifher detail over the period 25 October-14 November 2003
et al. (2007). WACCM3 differs from CAM3 in other ways using a simulation with SPEs (see 4a) and without SPEs (see
in that it includes a detailed neutral chemistry model for 4W). Simulations 5(w, X, y, z) without SPEs run over the
the middle atmosphere; heating due to chemical reactions?eriod 2 July 2000-31 December 2004 provided necessary
a model of ion chemistry in the mesosphere/lower thermo-daily information for computing the statistical significance
Sphere (MLT)’ ion drag and auroral processes; and paramé)f the WACCM3 results as a function of latitude and altitude.
terizations of shortwave heating at extreme ultraviolet (EUV) Throughout the paper we discuss &tatistical significance
wavelengths and infrared transfer under nonlocal thermody!evels to illustrate how the SPE effects compares to the back-
namic equilibrium (NLTE) conditions. WACCM3's neutral ground variability simulated in the model.
chemistry module including reactions and solver is described Simulations 1(a, b, c, d), 2(a, b, c, d), and 2(w, X, vy, 2)
in Kinnison et al. (2007). The neutral constituent photo- have model output every five days. Simulations 3(a, b, c, d),
chemical reaction rates and photodissociation cross sectior&w, X, Y, z), 4(a), 4(w), and 5(w, X, y, z) have model output
are taken from Sander et al. (2003). As a full GCM with every day. For short periods-fwo weeks), different real-
chemistry, WACCM3 implicitly includes the diurnal cycle izations produce similar results; thus it is appropriate to use
for all constituents at all levels in the model’s domain. The only a single realization for simulation 4. WACCM3 output,
other processes and parameterizations, which are unique twhether daily or every five days, is a snap-shot of model re-
WACCM3, are described in Garcia et al. (2007). Other de-sults at 00:00 GMT.

4 Model and measurement information

www.atmos-chem-phys.net/8/765/2008/ Atmos. Chem. Phys., 8, 765-785, 2008
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Table 2. Description of WACCM3 simulations.

Simulation Number of  Time SPEs
designation realizations  period included
1(a, b, c,d) 4 1963-2005 Yes
2(a,b,c,d) 4 1 January 1989-30 April 1990 Yes
2w, x,Y, 2) 4 1 January 1989-30 April 1990 No
3(a, b,c,d) 4 2 July—30 September 2000 Yes
3w, x,Y, 2) 4 2 July—30 September 2000 No
4 (a) 1 25 October—14 November 2003 Yes
4 (w) 1 25 October-14 November 2003
5(w, x,Y, 2) 4 2 July 2000-31 December 2004 No
4.3 Satellite instrument measurements results to measurements. Previous studies of these four SPE

periods have documented significant changes associated with
Several satellite instruments have recorded atmospheric conhe events (e.g. Heath et al., 1977; Reagan et al., 1981;
stituent change caused by SPEs. We will compare WACCM3VicPeters et al., 1981; Jackman and McPeters, 1987, 2004;
results with: Jackman et al., 1990, 1993, 1995, 2001, 2005a; Zadorozhny
. ) etal., 1992; Randall et al., 2001; Seppala et al., 2004; Degen-
1. Nimbus 4 Backscatter Ultraviolet (BUV) ozone mea- ggjn et al., 2005; &pez-Puertas et al., 2005a, b; Orsolini et
surements (August 1972 SPEs); al., 2005; von Clarmann et al., 2005; Rohen et al., 2005). We
jcompare the WACCMS3 results with some of these satellite

2. Stratospheric Aerosol and Gas Experiment (SAGE) | .
measurements in Sects. 5.2 through 5.4.

ozone and N@and NOAA 11 Solar Backscatter Ultra-
violet 2 (SBUV/2) ozone measurements (October 1989 Several large solar eruptions occurred in Octo-
SPEs); ber/November 2003, the so-called “Halloween Storms”.
The most intense SPE period accompanying these solar
3. NOAA 14 SBUV/2 ozone and Upper Atmosphere Re- eruptions was during 28-31 October 2003, the fourth largest
search Satellite (UARS) Halogen Occultation Experi- SPE period in the past 45 years. The short-term atmospheric
ment (HALOE) NQ (July 2000 SPE); effects from these SPEs are probably the best documented
) . for any solar events. At least five satellite instruments
4. UARS HALOE NQ and Envisat Michelson Interfer- o 164 the atmospheric effects of these SPEs, including
ometer for Passive Atmospheric Sounding (MIPAS) UARS HALOE, NOAA-16 SBUV/2, and Envisat's MIPAS,

ozone, NQ, HNGs, N2Os, CIONG,, HOCI, and CIO g amACHY, and GOMOS (Seppala et al., 2004; Jackman
(October/November 2003 SPEs). The MIPAS o0zone,q; 5 >005a; hpez-Puertas et al., 2005a, b; von Clarmann

NO2, HNOs, N2Os, CIONG,, and CIO are reprocessed ot 5 2005; Orsolini et al., 2005; Degenstein et al., 2005;

data versions of those previously published BPEZ-  pohen et al,, 2005). The middle atmospheric effects from

Puertas et al. (20053, b) and von Clarmann et al. (2005},o spgs were largest during and several days after these
providing, except for CIO, higher altitude resolution. events.

To be clear: We focus only on the impact of the so-
5 SPE-induced short-term (days) changes in composi- lar protons associated with the solar eruptions in October—
tion November 2003. It is likely that huge increases in lower ther-
mospheric NQ were created by lower-energy electron pre-
The very large SPEs (see Table 1) caused the most profoundipitation, which occurred in conjunction with these SPEs.
changes in atmospheric composition. Satellite instrumenfThe very large enhancements in mesospheric and upper
observations exist for several constituents during SPEs thadtratospheric NQ observed by UARS HALOE, the Cana-
occurred in solar cycle 23. The October 2003, July 2000,dian Space Agency (CSA) Atmospheric Chemistry Exper-
August 1972, and October 1989 SPEs — the fourth, thirdiment (ACE), and MIPAS in the Northern Hemisphere in
second, and first largest SPE periods in the past 45 years, ré&ebruary—April 2004 were possibly caused by the downward
spectively — were ideal candidates for comparing WACCM3transport of this thermospheric NQo lower atmospheric
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Fig. 3. Temporal evolution of H®Q (H, OH, HO,) abundance

changes relative to 25 October during and after the October—

November 2003 SPEs for the Southern Hemisphere (70SP@op  Fig. 4. Top three plots are taken from Fig. 2 obhez-Puertas et

left) and Northern Hemisphere (70-98) (top right) polar caps  al. (2005a) and show the Northern Hemisphere polar atmospheric

predicted by WACCM simulation 4(a). Contour levels plotted are abundance of NQ (ppbv) for days 27, 29, and 30 October 2003,

-70, -40, -20, 0, 20, 40, 70, 100, 200, 400, and 700%. Bottomwhich is just before and during a major solar proton event at a

plots are the top plots repeated with the colored areas indicating th@otential temperature of 2250 K. Contours are zonally smoothed

regions which are statistically significant at the vel. within 700 km. Individual measurements are represented by dia-
monds. The polar vortex edge is represented with a red curve and
the geomagnetic pole is marked with a red plus sign. The circle

levels (Natarajan et al., 2004; Rinsland et al., 2005, and Ranaround the pole represents the polar night terminator. Bottom three

dall et al., 2005). plots are from WACCM3 simulation 4(a) for the same three days at
0.55 hPa {55 km).

5.1 HO (H, OH, HOy) constituents

The “Halloween Storms” of 2003 caused SPEs, which pro-5.2 NG (N, NO, NOy) constituents
duced HQ constituents. The HQchanges simulated by
WACCM3 are presented in Fig. 3 for the southern (70-90  The NG species have considerably longer lifetimes than the
top left) and northern (70-9O; top right) polar regions HOx species and are produced in great abundance during
from simulation 4(a). Statistically significan2changes Very large SPEs. For example, we have evidence of huge
are shown in the colored areas in the bottom two plots ofénhancements of N(as a result of the “Halloween Storms”
F|g 3 for the same latitude regions_ Huge )Hmcreages of 2003. The Envisat MIPAS instrument provided simulta-
are predicted during the most intense periods of the SPE§€ous observations of NOn both polar regions. Atomic
reaching over 100% and 700% near 0.1 hPa in the southerfitrogen (N) is quite small in the mesosphere and strato-
and northern polar regions, respectively. Although the SPEsphere; thus, the MIPAS measurements of NO ang &
produced HQ concentrations are roughly the same in both sentially provide a measure of the polar jlénhancements
hemispheres, the percentage Change |n( Idbows a huge during the “Halloween Storms” of 2003. We show the MI-
interhemispheric difference. This interhemispheric,#@-  PAS Northern Hemisphere polar N@n three days (27, 29,
hancement difference is a result of the ambient levels ofand 30 October) in Fig. 4 (top) at the 2250K (50-55 km)
HOx which are greater in the southern hemisphere (e.g., segurface. The polar vortex edge has been calculated using
Solomon et al., 1983) due to the different solar zenith angleghe criteria discussed in Nash et al. (1996) but modified so
and hence greater H®roduction relative to the NH. that a long-lived chemical constituent influenced by dynam-
Since the HQ species have a relatively short lifetime ics (CHs below 1500K and CO above) has been used, in-
(hours), these very short-term effects disappear almost erstead of the mean zonal winds. That is, the vortex edge is de-
tirely by the end of 6 November. H@hanges after this date fined where there coexists a pronounced gradient in potential
are due to the normal seasonal behavior in those regions a@rticity and a large gradient in the dynamically-influenced
sunlight increases (decreases) in the southern (northern) p&onstituent. This vortex boundary is represented with a red
lar regions, leading to increases (decreases) in the sources 6frve and the geomagnetic pole is marked with a red plus
HOx [H20+0O(D)—20H and BO+hv—H+OH]. The en-  sign. Some individual NQvalues reached 180 ppbv, about
hanced HQ constituents produced by the SPEs led to short-& factor of ten larger than normal under unperturbed condi-
term ozone destruction, especially in the mesosphere and upions. Generally, the largest average N@lues were close
per stratosphere. This will be discussed in Sect. 5.3. to 100 ppbv.
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Fig. 5. Top plot is adapted from Fig. 7 of Jackman et al. (2005a) and ‘m’ 2
shows the daily average HALOE sunset-measured polar Southern 5 =
Hemisphere NQ change caused by the late October—early Novem- § 35 .
ber 2003 SPEs beyond the ambient atmosphere amounts measured & 10 30 g
12-15 October 2003. The HALOE_ mea_surements were at Ia_tltudes 2628 50 01 03 05 o7 Do e 15252.
between 62and 75 S. Bottom plot is derived from WACCM3 sim- October November

ulation 4(a) in a similar way and indicates the fjl€hange caused

by the October—November 2003 SPEs beyond the ambient atmoFig. 6. Temporal evolution of nighttime N&abundance changes
sphere amounts on 25 October (before the SPEs). Contour levelkglative to 26 October for the polar Northern Hemisphere (70—
plotted are 5, 10, 20, 50, and 100 ppbv. The colored region indi-90° N) from MIPAS with the reprocessed version V3D, 9 data

cates statistically significant changes at tel@vel in the bottom  (top). Middle plot is derived from WACCM3 simulation 4(a), which
plot. includes SPEs, and indicates nighttime Néhanges relative to 25

October in 70—-90N. The colored areas in the middle plot demon-
strate the 2 statistically significant regions. Bottom plot is derived
. from WACCM3 simulation 4(w), which does not include SPEs, and
_We present WACCM3 re§ults for the same three day_s Mindicates NQ seasonal charggls relative to 25 October for night in
Fig. 4 (bottom) from simulation 4(a). The model shows sim- 75 g5 N contour levels plotted are -4, -3, -2, -1, 0, 2, 5, 10, 20,
ilar qualitative and quantitative behavior with polar Nev- 39 40, 50, 60, 70, 80, and 90 ppbv.
els reaching over 90 ppbv. There are differences in the shape
of the SPE-perturbed region, which are probably due to dif-
ferences between the transport in WACCM3 and the Earth'are sunrise NQmeasurements with sunset N@easure-
atmosphere at this level. WACCM3 is a free-running climate ments and derive the perturbed atmospherig Ki@anges for
model, so the computations cannot be expected to reproducg short period (approximately a week).
in detail the conditions prevailing in the atmosphere at any We present WACCMS3 results from simulation 4(a) for
particular time. NOy during this same period in Fig. 5 (bottom). The
NOy levels were also measured during this period by WACCM3 results are zonal average values over the same
UARS HALOE. We show the excess N®eyond baseline latitude band as HALOE. These model/measurement com-
amounts before the SPE period in Fig. 5 (top) (adapted fronmparisons are valid because the ff@amily changes so slowly
Fig. 7 of Jackman et al., 2005a). This plot was constructedwith time. The values in the plot show the excessyNie-
with HALOE sunset profiles taken at high southern latitudesyond the 25 October 2003 levels (quiet period). The colored
(64° and 78 S) in the SPE-disturbed period 30 October—7 region indicates 2 statistically significant changes. Both the
November 2003 differenced with those sunrise profiles takerobservations and the model indicate a very similar tempo-
at high southern latitudes before the SPE (12-15 Octoberal structure. Huge NQincreases of greater than 100 ppbv
2003). Since NO and Ngare tightly coupled and the quan- (red color) were produced in the middle to upper meso-
tity NO+NO; is highly conserved during a 24-h period in sphere (0.03 to 0.006 hPa) for 30—31 October . The lower
the upper stratosphere and mesosphere, it is possible to cormesosphere showed Nncreases of greater than 20 ppbv
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throughout the period, compared with unperturbed values of
less than 1ppbv (Jackman et al., 2005a). There are some

05 change (%) (day+night)
MIPAS 90°S-70°S MIPAS 70°N-90°N

modest differences between the WACCM3 predictions and .1 70
the HALOE measurements. However, given the hugg NO % 60
changes from this perturbation, WACCM3 and HALOE are ;1 ) 50

in reasonable agreement. 3
The nighttime NH MIPAS NQ@ enhancements are com- 10| Sz A °
& 2628300103 0

pared with WACCM3 results in Fig. 6. The reprocessed MI-
PAS version V3ONO,_9 data are given here. WACCM3
simulation 4(a) (Fig. 6, middle) shows NGncreases over

90 ppbv and MIPAS (Fig. 6, top) observes maximumNO
increases of about 70 ppbv in the lower mesosphere. The
enhanced N@ is long-lasting with amounts greater than ,
30ppbv in both MIPAS and WACCM3 between 45 and $253001 0305 070911—?15 262830 0705050708 111315
55km through 14 November. The downward transport of WACCM 90°S-70°S WACCM  70°N-90°N
NO; over this time period is also evident in both MIPAS and \ 2
WACCM3. Figure 6 (bottom) shows WACCMS results from
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a simulationwithout SPESs, simulation 4(w), which indicates g T

that the seasonal changes are generally negative at this timej

of year. The colored areas Fig. 6 (middle) illustrate the re- £1°> e NPT E P §33
gions where the perturbation is statistically significant at the z ZVSV;%E'M“ ;%?)75297160153 s 28 2\; :gg’M“ %2:,0_99'005 8
20 level. For these altitudes nighttime N@s essentially — 5.1F 0
NOx. The WACCM3 results qualitatively agree with MIPAS. g 0
However, WACCM3 is generally larger than MIPAS (usu- o1 ¢ 0
ally 15 ppbv or more) at most altitudes above 45km. From 3 0
35-45 km MIPAS mostly measures higher levels of INeD- 107 > - G
hancement than predicted_ Below 35km both MIPAS and o 26283001 03050709 11 13 15 26 28 30 01 030507 09 11 13 15

October November October November

WACCMS3 show seasonal N(Olecreases.

Fig. 7. Top two plots are similar to Fig. 4 ofdpez-Puertas et
5.3 Ozone al. (2005a) but with the reprocessed MIPAS version 39

data and show the temporal evolution of changes in ozone relative
Ozone was also impacted by these SPEs. The SPE-producesl 25 October during and after the October—November 2003 SPEs
HOx and NQ, constituents led to short- and longer-term cat- for the Southern Hemisphere (SH) (702%) (left) and Northern
alytic ozone destruction in the lower mesosphere and stratoHemisphere (NH) (70-90N) (right) polar caps. Upper middle two
sphere (pressures greater than about 0.5hPa). The tempplots are derived from WACCM3 simulation 4(a) and indicate ozone
ral evolution of changes in ozone abundance measured bghanges relative to 25 October. Lower middle two plots are the same
MIPAS during and after the October—November 2003 spESS the upper middle two plots except the colored areas demonstrate
is given in Fig. 7 (top). These values are presented for théhe 2 statistically significant regions. Bottom plots are derived

Southern Hemisphere (SH) (70-98) and Northern Hemi- from WACCM3 simulation 4(w), which dqes not include SPEs, and
indicates ozone seasonal changes relative to 25 October. Contour

sphere (NH) (70-90N) polar caps. The reprocessed MIPAS o, (s piotted are ~70, —65, ~60, —55, 50, —45, 40, —35, 30, —25,
version V3Q03_9 data are shown here. The measurements_zo' _15,-10, -5. 0, 5, 10, 20, and 40%.

are compared to WACCM3 predictions from simulation 4(a)

in the same regions in Fig. 7 (upper middle). Due to the short

lifetime of HOy constituents (see Fig. 3), their ozone influ-

ence lasts only during and for a few hours after the SPEs. SPE impacts in the NH are larger than the SH in both mod-

This explains the huge measured and modeled ozone deplels and simulations. NH ozone depletion exceeds 50% dur-
tion above 50 km on 29-30 October and, to a lesser extent, oing the SPEs in late October. These interhemispheric dif-

3—4 November. Note that Fig. 1 shows ion pair production,ferences in ozone depletion are caused by the differences in
which is essentially a proxy for the N@nd HQ, production.  solar zenith angle between the NH and SH. The NH with the

WACCM3 predictions in Fig. 7 (lower middle) are the same larger solar zenith angle has a larger percentagg ¢f@ange

as Fig. 7 (upper middle) except the colored areas illustratgsee Fig. 3) than the SH and thus a larger short-term impact
the regions where the perturbation is statistically significanton ozone (for further discussion see Solomon et al., 1983).
at the & level. Figure 7 (bottom) shows WACCM3 results Polar NH upper stratospheric ozone depletion greater than
from a simulation without SPEs, simulation 4(w), indicating 30% continues through 14 November, the end of the plot-

the seasonal changes at this time of year. ting period. The polar SH shows ozone reduction greater
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July 14—-15 . The polar cap edge (8GQgeomagnetic latitude), wherein
BUV,/2 WACCM the protons are predicted to interact with the atmosphere,
is indicated by the white circle. Large ozone decreases of
30-40% are seen at this pressure level in both the SBUV/2
observations and WACCM3 calculations, which are primar-
ily caused by the SPE. These ozone decreases are driven by
catalytic destruction from the HQOncreases 0f~100% and
are mostly confined to the polar cap areas (e.g. Jackman et
al., 2001). The polar cap changes are nearly all statistically
significant at 2. Overall there is good agreement between
WACCM3 and SBUV/2.

NOAA—14 S

000Z/¢L/L0 woly sbubuyy %

0.5 hPa Ozone -40

Fig. 8. Left plot shows NOAA-14 SBUV/2 Northern Hemisphere 5.4 Other constituents

polar ozone percentage change at 0.5 hPa from 13 July 2000 (before ) .
the SPE) to 14-15 July 2000 (maximum proton intensity). Right Several other constituents appear to have been influenced as

plot shows WACCM3 “snapshot” using simulation 3(a) of polar @ result of the SPEs during the “Halloween Storms” of 2003,

ozone percentage change at 0.5 hPa for 00:00 GMT from 13 Julyncluding HNG;, N2Os, CIONG,, HOCI, and CIO (Orsolini

to 15 July 2000. The colored areas in the right plot demonstrate theet al., 2005; von Clarmann et al., 200%pez-Puertas et al.,

20 statistically significant regions. 2005b). Here we show WACCMS3 comparisons with all of
these constituents.

than 30% during the SPEs in late October with lower meso— 4 1 HNQ change
spheric ozone depletion from 5-10% continuing through 14

November. _ Figure 9 (top) shows the temporal change in Envisat MIPAS
The measured and modeled ozone depletions show somg3o HNO;_9 measurements of HNOduring the night-
differences. The NH modeled ozone indicates a larger retime in the polar Northern Hemisphere (70290. Lopez-
covery (ozone enhancement) abovg7 km after 7 Novem-  pyertas et al. (2005b) argued that the observed kO
ber, than mdlcat_ed in the measurements. This apparent Nireases in the upper stratosphere and lower mesosphere
ozone recovery is due to seasonal changes (see bottom plofgere probably primarily caused by the gas-phase reaction,
in Fig. 7), wherein ozone is enhanced via transport fromnQ,+OH+M— HNO3+M. Both OH and NG enhancements
above. The SH modeled ozone belov4Skm indicates &  \yere simulated when WACCM3 was rwvith SPEs and the
larger ozone depletion after 2 November, than indicated innclusion of this reaction in WACCM3 led to increases in
the measurements. The reason(s) behind these NH and SHNQ,.
model-measurement differences are still unclear, butis prob- \we show WACCMS3 results in Fig. 9 for two types of rep-
ably caused in part by the fact that transport and temperaturgssentation: 1) usual representation on the model grid, called
in WACCM do not correspond to any specific year. WACCM; and 2) after application of the MIPAS averaging
Other measurements of short-term ozone loss caused bygne| (AK), called WACCM (AK). This second represen-
solar protons are available for other SPEs. For example, &tion can significantly change the model results for con-
very large SPE commenced on 14 July 2000, the so-callediy,ents HNQ, N,Os, CIONO,, HOCI, and CIO, but is
“Ba_stillg Day” solar storm, Which_was the third largest SPE ot minor influence on the WACCM3/MIPAS ozone compar-
period in the past 45 years. This SPE took place over thesons (Fig. 7). MIPAS retrievals are based on constrained
14-16 July period. Jackman et al. (2001) showed Northemeast squares fitting of modeled to measured spectra (von
Hemisphere polar ozone changes (in ppmv) from the NOAAG|3ymann et al., 2003). The applied constraint smooths the
14 SBUV/2 instrument at 0.5 hPa due to the July 2000 SPEeical profiles and affects the retrieval particularly at alti-
between 13 July (before SPE) and 14-15 July (during SPE)yges where MIPAS is not very sensitive to the emission of
2000. We provide a similar plot in Fig. 8, which shows the e particular constituent. The model and MIPAS data are
percentage change for ozone from 13 July to 14-15 July for, 5 e comparable when the MIPAS AKs are applied to the
NOAA 14 SBUV/2 and from 13 July to .15 July at 0:00 GMT WACCM data (Rodgers, 2000). The result WACCM (AK)
from the average of WACCM3 simulations 3(a, b, ¢, d). Fig- j5 \yhat MIPAS would see if it would sound the atmospheric
ure 8 (left) is constructed from 24 h of NOAA 14 SBUV/2 gi5te as modeled by WACCM.
orbital data during the maximum intensity of the eventand e ;53] representation of model results from simula-
Fig. 8 (right) is a difference of model “snapshots.” The col- tion 4(a) (see Fig. 9, middle left) suggest that HND-

O_rEd. areas in Fig. 8 (right) demonstrate the Satistically creases were largest above 45km and below 30km in the
significant changes. period plotted. The sampling of simulation 4(a) results with
the MIPAS AK moves the peak of the HNOncreases to
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a lower altitude (by a few km), reduces the peak amounts, HNO; change (ppbv) 70°N—90°N (night)
and does not significantly improve the model/measurement
agreement. The colored areas in Fig. 9 (middle plots)
illustrate the regions where the perturbation simulated in
WACCM3 is statistically significant at theo2level. Fig-

ure 9 (bottom plots) shows WACCM3 results from a simu-
lation without SPEs, simulation 4(w), which indicates that
there are seasonal changes, but none that are very important
above 35 km.

It is difficult to understand the large observed changes

Pressure (hPa)

in the 35-55km altitude range which are not simulated in
WACCM3, given the ionization rates of Fig. 1, without £
involving some other pathway for HN(production such as ®
ion chemistry. lbpez-Puertas et al. (2005b) discussed the % ——
following ion chemistry scheme for HN§production: c | -"\’ 25
2 11 5 26 28 3001 030507091113 1520
O3 H20+H20 — H30™-OH+0; WACCM no SPEs WACCM (AK) no SPEs -
55

H30"-OH+H20 — H*-(H20)2+O0H

H+~(H20)2+NO§ — HNO3+H20+H20

Pressure (hPa)

——
SO (ﬁ
" ama |\ B = == = M 20 a
2628 3001 03050709 11 13152628 300103050709 111315 <
October November October November

oo |

Net: HoO+NO3 — HNO3+OH

This pathway for HN@ production, first proposed by
Solomon et al. (1981), requires the production of N&nd  Fig. 9. Top plot is similar to Fig. 2a of bpez-Puertas et al. (2005b)
functions under dark conditions. Although ion chemistry in- but with the reprocessed version V34NO3_9 data and shows the
volving NI, O; NT, NOT, OF, and electrons is included temporal evolutiop ofMIPAS HN@abundance changgs relative to
in WACCMS3, ion reactions involving water are presently not 26 October for nighttime in the polar Northern Hemisphere (70—
included. It is beyond the scope of this paper to include suct?® ) Middle plots are derived from WACCMS3 simulation 4(a),
a water cluster ion scheme for HN@roduction. Another which includes SPEs, and |nd|cate Hy@hanges relative to 25

. . . October. The colored areas in the middle plots demonstrate the

possible reason beh'”‘," the model/measurement dlscrepan% statistically significant regions. Bottom plots are derived from
could be a faster reaction rate for MDH+M—HNOz+M WACCM3 simulation 4(w), which does not include SPEs, and in-
than was given in Sander et al. (2003) and employed ingicates HN@ seasonal changes relative to 25 October. Middle and
WACCM3. bottom plots indicate usual sampling of the model [WACCM] and

The enhanced HN@measured by MIPAS during the peak MIPAS averaging kernel applied to the WACCM results [WACCM
of the solar event is rather temporary with a peak over(AK)]- Contour levels plotted are —0.6, -0.4, -0.2, 0.0, 0.2, 0.4, 0.6,
2.5 ppbv on 29-31 October 2003 between 42 and 50 km de?-8: 1.0.1.2,1.4, 1.6, 1.8, 2.0, 2.5, and 3.0 ppbv.
creasing rapidly to less than 0.4 ppbv by 8 November 2003
and increasing again to greater than 0.8 ppbv by 15 Novem-
ber 2003. Although the latter MIPAS HNCenhancement al. (2005b) even though the reprocessed level-1b data and re-
(between 8 and 15 November) is still somewhat differentvised retrieval control parameters were used.
from the WACCMS predictions, both observations and model  The ysual sampling of model results from simulation 4(a)

prediction show relatively slow HN®changes over this (see Fig. 10, middle left) show thab®s modeled enhance-

week period (8—15 November). ments peaked at about 45km near the last day plotted (14
November), about 5km higher than the MIPAS peak. Also,
5.4.2 NOs change WACCMS3 predicted MOs increases of 5-6 ppbv (primarily

driven by the SPES) in Fig. 10 (middle left) were significantly
Envisat MIPAS V3QN>05_9 measurements and WACCM3 larger than the MIPAS measured increases of about 1 ppbv.
computations of MOs are presented for the polar Northern The sampling of simulation 4(a) results with the MIPAS AK
Hemisphere (70—-9MN) in Fig. 10. The temporal change moves the peak of thed®s increases to about 40 km, in bet-
in Envisat MIPAS NOs during the nighttime in the polar ter agreement with MIPAS. However, the predicted increases
Northern Hemisphere (70-908!), shown in Fig. 10 (top), are still significantly higher than MIPAS with peak levels at
is fairly similar to that given in Fig. 5 of pez-Puertas et about 4-5 ppbv. The colored areas in Fig. 10 (middle plots)
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N,Os change (ppbv) 70°N—90°N (night) which NzOs is produced via
MIPAS 505 NO2+NO3+M — N2Os5+M.
ch__’ 45 E For example, if this reaction proceeds much slower than indi-
by 40 2 cated in Sander et al. (2003), then the build-up eOlwill
g 35<—f be reduced after a large solar event. Conversely, the thermal
2 30 g decomposition reaction
26 28 30 01 030507 09 11 13 1525 < N2Os+M — NO2+NO3+M
WACCM WACCM (AK) - o _
1 7 W N +50 £ and/or th_e photod_lss_ouano_n of,R5 may be proceeding
h 457 more rapidly than indicated in Sander et al. (2003), prevent-
< 40 3 ing a larger build-up of MOs after a large solar event. At the
g 352 present time, it is impossible to determine what reaction(s)
e N % need to be corrected in WACCM3 to simulate better agree-
S g =5 o ment with MIPAS. Also, the production of XDs is very sen-
26283001 05050709 11 131526 28 < sitive to the temperature and dynamics. Differences between
WACCM no SPEs  WACCM (AK) no SPEs oF the predicted/real temperatures and/or differences in the dy-
1 S namics (downward transport of earlier-producedN@ight
§ explain some of these differences.

35 < 5.4.3 CIONG change

Pressure (hPa)

a We show Envisat MIPAS V3CGCIONO,_ 9 measurements
and WACCM3 computations of CIONQn Fig. 11 for the
polar Northern Hemisphere (70-98). The MIPAS obser-

Fig. 10. Top plot is similar to Fig. 5 of bpez-Puertas et al. (2005b) Vations showed CION® maximum enhancements at 35—
but with the reprocessed version V3®05_9 data and shows the 40km of 0.3-0.4 ppbv starting right after the largest proton
temporal evolution of MIPAS BOs abundance changes relative to fluxes on 29-30 October (Fig. 11, top). The usual representa-
26 October for nighttime in the polar Northern Hemisphere (70-tion of model results from simulation 4(a) (see Fig. 11, mid-
and indicate NOg changes relative to 25 October for night in {ha same amounts, however, the peak production was at a
70-90 N. The colored areas in the middle plots demonstrate thehigher altitude (40-45 km) and several days later than mea-
20 statistically significant regions. Bottom plots are derived from sured.

WACCM3 simulation 4(w) and indicate )05 seasonal changes rel- . . . .
ative to 25 October. Middle and bottom plots indicate usual sam- The sampling of simulation 4(a) results with the MIPAS

pling of the model [WACCM] and MIPAS averaging kernel applied AK moves the peak of the CIONfIncreases to about 40 km,
to the WACCM results [WACCM (AK)]. Contour levels plotted are IN better agreement with MIPAS. However, the predicted
-0.6, —0.4, —0.2, 0.1, —0.05, 0.0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3peak increases are reduced substantially to about 0.2 ppbv,
0.35,0.4,0.6,0.8,1.0,15, 2, 3,4, 5, and 6 ppbv. about a factor of two less than observed. The colored areas
in Fig. 11 (middle plots) illustrate the regions where the per-
turbation is statistically significant at the 2evel.
The SPE-produced NCOeads to enhanced CIONGro-
illustrate the regions where the perturbation is statisticallyduction via

ignificant at the 2 level.
signfiicantatihe e feve CIO+NOy+M —> CIONO+M.

26 28 30 01 03050709 11 131526 28 30 01 030507 09 11 13 15
October November October November

WACCMS3 predicted seasonal changes sy are shown

in Fig. 10 (bottom plots) from a computatioithout SPES The cause of the discrepancy between the model and mea-

surements at these altitudes could be related to the speed of

[simulation 4(w)]. These plots indicate the importance of this reaction. If this reaction proceeds much faster than indi
th I ch in forcing th h t of . : . )
e seasonal changes In forcing theQy enhancement o cated in Sander et al. (2003), then the build-up of CIQNO

0.6 ppbv between 29 and 33 km from 26—-31 October 2003.”". )
The seasonal changes contribute somewhat to H@s; - will be enhanced to larger amounts more quickly after a large

creases in the mid- to upper stratosphere (30-50 km) isolar event. However, any changes in the rate for this reac-

November 2003 for both the usual sampling and the MIPAStion will also impact the CIO amounts (discussed below) and
AK sampling of the model results need to be considered carefully. Predicted seasonal changes

(Fig. 11, bottom) mostly indicated increases over the time
The cause of the discrepancy between the model and megeriod although they appear to be primarily important below
surements at these altitudes could be related to the speed @b km.
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CIONO, change (ppbv) 70°N=90°N (night) HOCI change (ppbv) 70°N—90°N (night)
MIPAS = MIPAS
,\ S0k 60 E
o 45> = 55
g {2 g 503
~ o
" 40 :3 b 45 2
2 35< 3 40 2
o .
¢ 309 6 35 %
o ‘Q-. a 30 <
25 & 25 &
26283001 0305070911 1315 < 252729 31 020406 08 1012 14 <
WACCM WACCM (AK) ~ WACCM (AK) —
£ 60E
~ X
© ~ = 553
< Y 3B & 50 3
Y 40 2 ~ 45 2
g = g £
2 35< > 40 %
o 30 § ¢ 354
a < A s a 30 £
- S Lo N 25 & 25 &
26283001 03050709 11 131526283001 03050709 11 1315 < 252729 3102040608 10 12 14 25 27 29 31 0204 06 08 10 12 14 <
WACCM no SPEs WACCM (AK) no SPEs . October November October November
50 €
) 45 < Fig. 12. Top plot is adapted from Fig. 1 (middle) of von Clarmann et
a [ .
= o al. (2005) and shows the temporal evolution of MIPAS N@CI_1
40 3 - N
2 = measurements of HOCI changes relative to 26 October for nighttime
2 35« in the polar Northern Hemisphere (70-99). Bottom plot is de-
x . . . . .
E 30 0 rived from WACCM3 simulation 4(a) and indicates HOCI changes
[+ N - .
N T AT R D I I I A R AR 1525 e relative to 25 October. The colored areas in the bottom plots demon-

oOclober November Oclober Novemnber strate the @ statistically significant regions. Bottom plots indicate
usual sampling of the model [WACCM] and MIPAS averaging ker-

Fig. 11. Top plot is similar to Fig. 1 (bottom) of von Clarmann nel applied to the WACCM results [WACCM (AK)]. Contour levels
et al. (2005) and Fig. 8 of dpez-Puertas et al. (2005b) but with plotted range from —0.05 to 0.5 ppbv with an interval of 0.05..
the reprocessed version V3CIONO,_9 data and shows the tem-
poral evolution of MIPAS CION® abundance changes relative to
26 October for nighttime in the polar Northern Hemisphere (70— The usual representation of model results from simula-
90° N). Middle plots are derived from WACCM3 simulation 4(a) tjon 4(a) (see Fig. 12, bottom left) show WACCM3 predicted
and indicate C_ION@sgasonal changes relative to 2_5 Qctobe_r. TheHOoCI increases from 35km up to 60km and above. The
colored areas in the middie plot demonstrate instistically sig- o qeled peak enhancement is about 0.2-0.25 ppbv larger
nificant regions. Bottom plots are derived from WACCM3 simula- than measured. WACCM3 results also show a secondary

tion 4(w) indicates CION@ seasonal changes relative to 25 Octo- . .
ber. Middle and bottom plots indicate usual sampling of the modelHOCI peak on 4 November due to a smaller SPE in this pe-

[WACCM] and MIPAS averaging kernel applied to the WACCM re- riod (Fig. 1).

sults [WACCM (AK)]. Contour levels plotted are —0.05, 0.0, 0.05,  The application of the MIPAS averaging kernels to the

0.1, 0.15, 0.2, 0.25, 0.3, 0.35, and 0.4 ppbv. simulation 4(a) results moves the peak of the HOCI increases
to the altitude range 30-55 km and totally eliminates the sec-
ondary HOCI peak, in better agreement with MIPAS. The

5.4.4 HOCI change predicted peak increases are reduced substantially and now

] are only about 0.1 ppbv larger than observed. The colored
Envisat MIPAS V2 HOCI_1 measurements and WACCM3' greas in Fig. 12 (bottom plots) illustrate the regions where

computations of HOCI simulation 4(a) are presented for theyne perturbation is statistically significant at the @vel.

polar Northern Hemisphere (70-9R) in the top and bot- v 4150 investigated model predictions in the WACCM3
tom of Fig. 12, respectively. The measurements Show Sige,mptationwithout SPES [simulation 4(w), not shown] and
nificant HOC_I enhan_cement.s in the altitude range 30—-55 kMg, g very small seasonal changes over this period, imply-
The mechanism for increasing HOCI as a result of the SPE§, 15t practically all of the measured and modeled HOCI
involves enhancing the HCOconstituents, which then speed changes were due to the SPEs.

up the following gas-phase three reaction sequence:

OH+HCI — H>0+Cl 5.4.5 CIO change

Cl+03; — CIO+0, CIO is closely coupled to HOCI and CIONO We show
Envisat MIPAS V3QCIO_11 measurements and WACCM3

CIO+HO; — HOCHOs. computations of CIO in Fig. 13 for the polar Northern
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CIO change (ppbv) 60°N—80°N (night) Iqs_trate the regions where the perturbation is statistica_lly sig-
MIPAS . nificant at the & level. Predicted seasonal changes (Fig. 13,
o 183 £ bottom) mostly indicated decreases over the time period that
§ 7555 are about 1/3 to 1/2 of the computed changes occurring at
> 1502 this time of year.
g 140 < The production of CIO during SPEs was discussed in
i {353 von Clarmann et al. (2005). SPE-produced OH can
o 305 . . .
= N7 175 § release reactive chlorine (Cl) from the reservoir HCI
26283001 03050709111315 <

WACCM WACCM (AK) _ (OH+HCI->H20+Cl) and lead to the creation of CIO
0.1 65 E (Cl+0O3—CIO+0y). Loss of CIO during SPEs is also pos-
g ~ £ 22: sible through the SPE-produced HHOx) and NG (NOy)
f 1.0 G 50§ creating HOCI and CION®via the reactions CIO+H®O—
3 e rlr e 13 2 HOCI+O, and CIO+NQ+M — CIONO;+M.
§ 10.0 35 % The reasons behind the significant differences between
— i MIPAS and WACCM3 CIO are presently not known. A study
628300103050709 11 13152628 3001030507 09111 13 15 < with a simpler model, which would allow easier addition or
WACCM no SPEs WACCM (AK) no SPEs mpler ’ . - .
0.1 o 65 E subtraction of included reactions and/or modifications in re-
— = X . . . . .
o . gg:; action rates, would be helpful in elucidating the major causes
S 0fy < ), J==05750 3 of these discrepancies.
I ,—’;::‘*~~' ' ” ,os 2 '_.45 =
§ bt e SR L '\s 340 <
¢ 10.0 S g
* 32a 6 SPE-induced medium-term (months) changes in com-
<

26 28 30 01030507 09 11 13 15 26 28 30 01 03 0507 09 11 13 15 position

Fig. 13. Top plot is similar to Fig. 1 (top) of von Clar- Very large SPEs produced N@n the polar mesosphere and
mann et al. (2005) and shows the temporal evolution of MIPAS upper stratosphere (Zadorozhny et al., 1992; Jackman et al.,
V30_CIO_11 measurement of CIO changes relative to 26 October2001, 2005; bpez-Puertas et al., 2005b). TheseN@rtur-

for nighttime in the polar Northern Hemisphere (60°80. Middle  pations were significantly reduced in the sunlit hemisphere
plots are derived from WACCM3 simulation 4(a) and indicate CIO through the two step process [NO#hN+O followed by
changes relative to 25 October. The colored areas in the middle p|°N+NO—>N2+O]. However, the SPE-caused N@nhance-

demonstrate theo? statistically significant regions. Bottom plots ments in the darker hemisphere had a very long lifetime
are derived from WACCM3 simulation 4(w) indicate CIO seasonal P Y 9

changes relative to 25 October. Middle and bottom plots indicate(~months) and ended up t_)el_ng transported to the_ middle
usual sampling of the model [WACCM] and MIPAS averaging ker- @nd lower stratosphere. This increasedNfad associated

nel applied to the WACCM results [WACCM (AK)]. Contour levels 0zone decreases over its lifetime. We will discuss this pro-
plotted range from —0.35 up to 0.45 ppbv with an interval of 0.05. cess following the very large SPEs of July 2000 and October
1989 and show measurements and model simulations for 2—
5 months past these SPEs. We will also show evidence of
longer lasting {two months) SPE-caused ozone depletion
following the August 1972 SPEs, likely caused by the SPE-
[)roduced NQ enhancements.

Hemisphere (60-8N). MIPAS provides better CIO mea-
surements in this latitude band than that used for the othe
constituents in this section (i.e., 70=90). Generally, the
MIPAS observations show CIO enhancements in the 305.1 July 2000 Solar Proton Event

50 km altitude range, peaking over 0.2 ppbv on three sepa-

rate days (30 Oct, 1 Nov, and 8 Nov), although there arerpq July 2000 SPE produced large amounts of,N@hich

two days (4 and 10 Nov) when decreases are measured. The s opserved by HALOE and simulated in a 2-D model
usual representation of model results from simulation 4(a)(Jackman et al., 2001). We computed an ensemble aver-
(see Fig. 13, middle left) show predicted CIO increases onlyage of the two groups of simulations 3(a, b, ¢, d) and 3(w,
above 55km and then only for about 3 days (28-31 Oct), "y 2y and differenced the two to derive the results shown
Between 40 and 55km, the WACCM3 CIO shows a de-j, Fig 14, Note the near anti-correlation of NQFig. 14,
crease throughout the time period with peak reductions OVe[eft) and ozone (Fig. 14, right) over most of this period. The

0.3 ppbv. HOy constituents (not shown) produced during the SPE on
The application of the MIPAS averaging kernels to the days 196-198 (14-16 July) are responsible for the short-lived
simulation 4(a) results moves the decreases in CIO tdarge ozone decreases40%). The SPE-caused N@n-
lower altitudes and diminishes the peak CIO reductions tohancement then drives the ozone depletion after this period.
~0.15ppbv. The colored areas in Fig. 13 (middle plots) il- This is consistent with the downwelling associated with the
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WACCM NO, change (ppbv) in 60—90°S
1 T [ 65

WACCM Ozone change (%) in 60-90°S
0.1 [ 65

)

(

Pressure (hPa)

Patential Temperature

Pressure (hPa)

Day of Year 2000 Day of Year 2000

Fig. 15. Left plot is an adaptation of Fig. 5a of Randall et al. (2001)

showing Southern Hemisphere (SH) polar vortex HALOE ,NO
Fig. 14. Derived from WACCM3 output showing the difference (ppbv) profiles in September/October for years 1991-2000. Right
of the ensemble average of simulations 3(a, b, ¢, d) compared t®lot shows WACCM3 simulation 1(a) predicted SH polar vortex
the ensemble average of simulations 3(w, x, y, z) for the latitudeNOx (ppbv) profiles for the same periods.
band 60-90 S from day 195 (13 July) through day 275 (1 October)
for year 2000. Top left plot indicates NCchange with contour
levels of 0, 5, 10, 15, 20, 30, 40, 60, 80, and 100 ppbv. Top right  The sharper peak in WACCMS3 is likely related to the
plot indicates ozone change with contour levels of —40, -30, =20,qarser altitude grid in the model. There are differences
—15, 10, =5, 0, and 5%. Bottom plots are the top plots repeateqy, q jnterannual variability in WACCM3 compared with
uith he colored areas ndicating the regions which are statisicalla| OF near the top level shown (15001;40km) in

' Fig. 15. The cause of these differences in the upper strato-

sphere between WACCM3 and HALOE may be related to
residual circulation over the SH polar regions during July. By A) @ larger production in WACCMS of lower thermospheric
about day 255 (11 September), a Ncrease of-5 ppbv NOy via auroral electrons tha_n exists in the atmosphere; B)
appears to cause an ozone loss-d0%. The rate of de- @ larger downward transport in WACCM3 of NGrom the
scent of the NQ and ozone perturbation is about 140 m/day lower thermosphere to the stratosphere; C) a combination of
(~0.16 cmi/s) over this period consistent with the residual cir-") @nd B); or D) other differences between WACCM3 and
culation velocities during this time. Near the end of the plot- the atmosphere. It is unclear what the differences in the
ted period (day 274), predicted N@nhancements greater '0Wer stratosphere between WACCM3 and HALOE mean.
than about 4 ppbv and ozone decreases greater than abofitstrong possibility is that there are dlffe_rent dynamics in
20% are statistically significant a2 which are indicated ~the model and actual atmosphere. For instance, the local
by the colored areas in the bottom plots in Fig. 14. maxima near 700-800K in the HALOE data I!kely result

Is there any evidence of SPE-caused,Nhancements from downward transport of NOproduced earlier in the
lasting at least six weeks after the event period, as simuWinter at higher altitudes by energetic particle precipitation
lated by WACCM3? Yes: Randall et al. (2001) showed ev- (S¢€ Randall et al., 2007); WACCM3 might not be simulat-
idence from HALOE observations of large NEQNO+NO) ing this transport adquately. Recall that since thg version
enhancements two months after this July 2000 SPE in th&@f WACCM3 used here is not forced by analyzed winds, we
Southern Hemisphere. Ten years of HALOE observationsd© Not expect the model dynamics to match the atmospheric
are presented in Fig. 15 (left). Although there is evidence ofdynamics in detail for any specific year.
interannual variability, the year 2000 shows enhancements of
NOy by about a factor of 2-3 beyond the normal range near6-2 August 1972 Solar Proton Events
1000K (~33 km).

We have sampled the WACCM3 output of simulation 1(a) The second largest SPE period in the past 45 years oc-
in a similar manner and present the results in Fig. 15 (right).curred 2-10 August 1972 (days 215-223). Although this
The WACCMS3 results indicate somewhat larger interannualSPE period occurred about 35 years ago, there were recorded
variability above about 32 km, and less variability below this measurements of its ozone impact (e.g. Heath et al., 1977;
altitude. Both HALOE and WACCM3 show NQOenhance- Reagan et al., 1981; McPeters et al., 1981; Jackman and
ments in year 2000 greater than 10 ppbv beyond the normaWcPeters, 1987, Jackman et al., 1990). We compare
range. NQ changes greater than about 4 ppbv are statisti-our WACCM3 predicted ozone changes to measured ozone
cally significant at the @ level throughout this altitude range changes from the backscattered ultraviolet (BUV) instrument
at this time of year. Thus the July 2000 SPE likely led to on the Nimbus 4 satellite between about 32 and 53 km for
these September 2000 N@creases. 60 days in Fig. 16. The BUV changes (Fig. 16a) were de-

rived by comparing 1972 to 1970 ozone data (Jackman et al.,
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(b) WACCM 05 (';; t:.;rr.,c,r,ge) 70°N—80°N Fig. 17. Temporal evolution of WACCM3-computed percentage
[ \ ‘ ~ g ] ozone change in 1989 for the ensemble average of simulations 2(a,
5ol \\ b, ¢, d) average compared to the ensemble average of simula-
f 1 tions 2(w, X, Y, z) at 70N for NO> (top left) and Ozone (top right).
3 15 g Contour levels for N@ are —40, —-20, -10, 0, 10, 20, 40, 70, 100,
’_g 450 —\ and 1000%. Contour levels for Ozone are —20, —15, —-10, -5, 0, 5,
b \,._/”\\ 10, and 15%. Bottom plots are the top plots repeated with the col-
- 1 ored areas indicating the regions which are statistically significant
;(: 40 20 at the & level for NO, and ozone.

\7;’5/\‘\,,-15\
L :s—'_’x_\————m\
\“—'R -5
sr T T———" fluxes with energies less than 100 MeV were included for
i ! ! ! ! ! ] these SPEs. The August 1972 events probably had protons
214 224 234 244 254 264 274 with energies greater than 100 MeV, which affect altitudes
Day of Year .
below 35km. These high-energy protons, however, could
not be reliably included into our computations.
Fig. 16. Plot (a) is taken from Fig. 6 of Jackman et al. (1990)
and shows the temporal evolution of measured ozone abundanc@-3 October 1989 Solar Proton Events
changes in 1972 relative to 1970 by the backscattered ultraviolet
(BUV) instrument aboard the Nimbus 4 satellite for the latitude The largest SPE period in the past 45 years occurred 19-27
band 70-80N. Plot (b) is derived from the WACCM3 ensemble October (Days 292-300), 1989. The N@roduced during
average of simulations 1(a, b, ¢, d) and indicates ozone changes ithis period was nearly a factor of two larger than the second
1972 relative to 1970 in the same latitude bands. The shaded argargest SPE period (see Table 1). Both rocket measurements
in plot (b) demonstrates thes2statistically significant region. Con- (NO; Zadorozhny et al., 1992) and satellite measurements
tour levels plotted are —30, ~20, -15, 10, -5, and 0%. (ozone and N@ Jackman et al., 1993, 1995) showed atmo-
spheric changes as a result of these extremely intense SPEs.
We computed an ensemble average of the two groups of
1990) in latitude band 70-8M. The WACCM3 computed  simulations 2(a, b, ¢, d) and 2(w, X, y, z) and differenced the
ozone changes (Fig. 16b) were derived by averaging the enyo to derive the percentage change shown fopyg. 17,
semble of simulations 1(a, b, ¢, d) and comparing 1972 toleft) and ozone (Fig. 17, right) at 70l. Very large upper
1970 for the same latitude band. The shaded area in F|g 16§tratospheric enhancements of é\]@eater than 100% from
illustrate the regions where the perturbation is statistically|ate October to early December drive 0zone decreases greater
significant at the & level. than 20%. The substantial ozone depletior1 (%) between
There is reasonable agreement between the model an@land 4 hPa before the 19—27 October SPE period was mainly
measurement with both showing significant ozone depletiorcaused by prior large SPE periods in 13—26 August 1989 and
(>10%) in the upper stratosphere40-50 km) over most of 29 September—3 October 1989 (see Table 1), which produced
the 60-day time period in the 70-8R latitude band. Both  sufficient NG to cause a longer-lived ozone loss. The NO
model and measurement show modest ozone depletion (5enhancement in March 1990 was caused by a medium sized
10%) in the altitude region 40—45km over most of the pe- SPE (Fig. 17, left). No associated short-term ozone loss by
riod in the 50—60N latitude band (not shown). Also, the HOy constituents is seenin Fig. 17 (right) because WACCM3
measurements indicate a larger ozone depletion in the 33eutput was only every five days for these simulations and
40 km region for both latitude bands than simulated by thethe SPE’s influence on mesospheric and upper stratospheric
model. As explained in Jackman et al. (2000), only protonozone on 19-20 March 1990 was missed.
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Statistically significant 2 changes are shown in the col-

March 31, 1990 70°N

ored areas in the bottom plots of Fig. 17. The enhancegd NO 45 X T 145
signal from the Oct. 1989 SPEs is transported downwards b ;& \ NO, 140
and slowly diluted over the seven months (Oct 1989—April M 1
. R F Py e WACCM (case 1)

1990), however, increases greater than about 20% remain at ¢ 357 B - - - WACCM (case 2) 135 F
the end of the period. The reduced ozone signal is also trans- X f gg *—XSAGE Il 10X
ported downwards and slowly diluted as well. Some of the 3 B 130 8
NO; signal is statistically significant tav2over the entire pe- 33 § §
riod, whereas the ozone signal is not statistically significant < 1253
after the end of 1989. 120

We computed the ozone change in the latitude band 60— ]
80 from the WACCMS3 simulations 2(a, b, c, d) at 4hPa 115
(December 1989 contrasted with the December 1990 and De- 100 120
cember 1991 average) to be: 6% for the SH; and 2) 50 ‘ fLas 5. 150
—18% for the NH. These model results can be compared 45" - *l4s
to the NOAA 11 SBUV/2 measurements taken from Jack- ; ]
man et al. (1995, Table 1) of: 1}1% for the SH; and 2) o 40 ’—403
—12% for the NH. Although there are quantitative differ- X 350 135
ences between WACCM3 and SBUV/2 measurements, the s : g
prediction of a substantially larger ozone depletion in the 2 30 1302
NH than the SH in December 1989 is similar to the mea- < 550 125 <
surements. These WACCMS results complement the three- E ]
dimensional chemistry-transport-model results given in Jack- 20¢ 320
man et al. (1995). The interhemispheric difference in the 15L B i 15
ozone loss results is caused by the difference in seasons -20-15-10 -5 0 5 10 15 20

Difference (%)

in the SH and NH. The SH has a high solar zenith an-
gle, promoting destruction of NOthrough a two-step pro-
cess [NO+h—N+O followed by N+NG->N>+0] Thus, less
NOy is available to deplete ozone in the SH compared Wlthage change for 31 March 1990 for constituents (top)N@d (bot-
the NH. ) tom) O3. SAGE Il results were derived by computing the percent-
SAGE Il ozone and N@measurements over five months 4ge difference on 31 March 1990 compared with 31 March 1987.
after this extreme proton flux period have been reported bewaccm3 (case 1) was derived using the ensemble mean of sim-
fore in a comparison with 3D model predictions (Jackmanulations 1(a, b, ¢, d) and computing the percentage difference on
et al., 1995). SAGE Il observations and WACCMS3 simula- 31 March 1990 compared with 31 March 1987. WACCM3 (case 2)
tion results are presented for NQFig. 18, top) and ozone Wwas derived from the ensemble average of simulations 2(a, b, c, d)
(Fig. 18, bottom) for 31 March 1990. The SAGE Il obser- differenced with the ensembl_e average of_ simulations 2(w, x, y, z)
vations were derived by computing the percentage differencdor 31 March 1990. The horizontal lines in the plots demonstrate
on 31 March 1990 compared with 31 March 1987 and aretl® 2 values for NG and ozone.
represented by the solid line with asterisks. WACCM3 (case

1) results, represented by the QOtted line, were derived uS‘ingober 1989 SPEs, it is clear that these SPEs have led to an
.the tehnsemble rtneand(.);f S|mulat|on$3i(l\a/l, b, ﬁ’ldgg?)nd Comput_ircrease in N@. The horizontal lines in Fig. 18 indicate sta-
Ing the percentage dierence on arc COMPar€iqical significance at thea2level. Most of the WACCM3
with 31 March 1987. WACCM3 (case 2) results, representedN02 changes below 30 km are statistically significant.

by the dashed line, was derived from the ensemble average Some of the differences between WACCM3 and SAGE II
of simulations 2(a, b, ¢, d) differenced with the ensemble av—N02 changes may well be related to interannual variability

erage of simulations 2(w, X, y, z) for 31 March 1990. ( : N
T see discussion in Jackman et al., 1995). Randall et al. (2006)
SAGE Il measurements and WACCMS predictions show also showed that varying meteorology plays a substantial role

Ia(rs%eo/en?;\;cken}entSsArél\é(ﬁ;rlfcl)sl\él/ar(ig;igof(Fe\./ig,ct'\oﬂrg: in determining the distribution of NQin the NH middle at-
oa m for ’ od m for mosphere several months after energetic particle precipita-

(case 1); and-34% at 22 km for WACCMS (case 2). These tion. Differences in medium-term changes in composition

results point to a substantial downward transport o Ni0 between the model and measurements are thus expected for

genelril) |a?td NA@m(]m par'ilrc]:ular) aﬂzfﬁthe SPESb (?Wlso, Sfr? these WACCM3 runs in which the model dynamics do not
ig. 17, left) ougn there are dilierences between ecorrespond to any particular year.

model simulations and measurements in the absolute amount
of enhanced N@on 31 March 1990 as a result of the Oc-

Fig. 18. SAGE Il measurements (solid line) and WACCM3 pre-
dictions (dashed and dotted lines) for°M zonal mean percent-
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The measured and modeled decreases in ozone are mfactor of two larger than WACCM3. The WACCM3 sim-
qualitative agreement near 25km (Fig. 18, bottom)t1% ulated CIO is very different from the MIPAS observations
for SAGE II; ~10% for WACCMS3 (case 1); ane-5% for  with the model indicating a decrease and the measurements
WACCMS3 (case 2). The measured and modeled ozoneshowing anincrease. These differences are very puzzling and
changes above 25 km indicate substantial variations with alheed to be studied with a simpler model. The fairly similar
titude. The polar regions have large interannual dynami-HOCI peak amounts and temporal variation in MIPAS and
cal variations in both measurements and model simulationst ACCM3 must also be considered.
thus, it is difficult to predict precisely the ozone impact over SpPE-caused medium-term (months) were also investi-
five months after this extremely large SPE period. As dis—gated_ WACCM3 predicted polar upper stratospheric and
cussed above for Fig. 17, none of the modeled ozone changeswer mesospheric NQincreases of over 10 ppbv, which
for 31 March 1990 are statistically significant at thel2vel. were transported during polar night down to the middle

We note finally that the N@ enhancements primarily stratosphere in several weeks as a result of the July 2000
cause stratospheric ozone loss through the catalytic cySPE. This WACCM3 simulated NGenhancement was com-
cle given in section 1. However, the increased NO pared with HALOE measured NOn September 2000 and
also can lead to CION®and BrONQ increases [e.g., was found to be in reasonable agreement. Predictegedo
NO2+ClO+M— CIONO,+M]. These changes may also then hancements in March 1990 resulting from the October 1989
lead to ozonedncreases in the lower stratosphere through SPEs were compared to SAGE Il measurements and showed
interference with the halogen-driven ozone loss processegualitative agreement. Interannual transport variations and
(Jackman et al., 2000). The long-term changes caused bylifferences between WACCM3 and the atmosphere also con-
the NG, family enhancements as a result of SPEs will be ad-tribute to model/measurement discrepancies in time periods
dressed in a future study. several months past the events.

A manuscript in preparation will discuss the WACCM3
. simulated long-term (months to years) atmospheric effects
7 Conclusions of very large SPEs.

The WACCM3 has been used to study the short-term (days) _

and medium-term (months) constituent changes caused bficknowiedgements. This work was supported by the NASA
SPEs over the 1963-2005 time period. The most pronouncefVind With a Star Targeted Research and Technology Program
atmospheric effects were caused by the very largest SPEs | nd the NASA Atmospheric Composition Modeling and_ Analys_ls
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which to compare. Generally, there is reasonable agreememaper were generated using NASAs Columbia supercomputer

between the WACCM3 predictions and the observations, eshoused at the NASA Ames Research Center.

pecially for SPE-caused NCenhancements and ozone de-
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