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Abstract

Solar eruptions sometimes produce protons, which impact the Earth’s atmosphere.
These solar proton events (SPEs) generally last a few days and produce high energy
particles that precipitate into the Earth’s atmosphere. The protons cause ionization and
dissociation processes that ultimately lead to an enhancement of odd-hydrogen and
odd-nitrogen in the polar cap regions (>60° geomagnetic latitude). We have used the
Whole Atmosphere Community Climate Model (WACCM3) to study the atmospheric
impact of SPEs over the period 1963-2005. The very largest SPEs were found to
be the most important and caused atmospheric effects that lasted several months to
years 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; Oc-
tober 1989; July 2000; and October—November 2003) as computed by WACCMS3 and
observed by satellite instruments. The polar effects can be summarized as follows:
1) Mesospheric NO, (NO+NO,) increased by over 50 ppbv and mesospheric ozone
decreased by over 30% during these very large SPEs; 2) upper stratospheric and
lower mesospheric NO, increased by over 10 ppbv and was transported during polar
night down to the middle stratosphere in a few weeks; 3) mid- to upper stratospheric
ozone decreased over 20%; and 4) enhancements of HNO5, HOCI, CIO, CIONO,, and
N,Os5 were indirectly caused by the very large SPEs, although the model results sug-
gest impacts at higher altitudes than indicated by the measurements for the October—
November 2003 SPE period.

1 Introduction

The Earth’s atmosphere is occasionally bombarded by a large flux of protons during
solar proton events (SPEs). Although relatively infrequent, some of the especially large
SPEs have been documented to have a substantial influence on chemical constituents
in the polar middle atmosphere, especially HO,, NO,, and ozone (e.g. Weeks et al.,
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1972; Heath et al., 1977; Reagan et al., 1981; McPeters et al., 1981; Thomas et al.,
1983; McPeters and Jackman, 1985; McPeters, 1986; Jackman and McPeters, 1987;
Zadorozhny et al., 1992; Jackman et al., 1995, 2001, 2005a; Randall et al., 2001;
Seppala et al., 2004, 2006; Lopez-Puertas et al., 2005a, b; von Clarmann et al., 2005;
Orsolini et al., 2005; Degenstein et al., 2005; Rohen et al., 2005; Verronen et al., 2006).
The influx of solar protons during large events, which are more frequent near solar max-
imum, can strongly perturb the chemical composition of the polar middle atmosphere
via ionization, dissociation, dissociative ionization, and excitation processes.

The important constituent families of HO, (H, OH, HO,) and NO, (N(*S), N(°D), NO,
NO,, NO3, N,Og5, HNO3, HO,NO,, CIONO,, BrONO,) are produced either directly or
through a photochemical sequence as a result of SPEs. The SPE-produced HO, con-
stituents are important in controlling ozone in the upper stratosphere and mesosphere
(pressures less than about 2 hPa). Short-term ozone destruction via the HO, species
proceeds through several catalytic loss cycles such as

OH+03 - H02+02

followed by HO,+O — OH + O,

and H+O3 — OH+0O,
followed by OH+O — H+0O,

Net: O+03 d 02+O2.

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

NO + O3 — NO,+0,

followed by NO,+0O — NO+O,

Net: O+03 e 02+02.
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There have been a number of modeling studies focused on understanding and pre-
dicting the atmospheric influence of SPEs (e.g. Warneck, 1972; Swider and Keneshea,
1973; Crutzen et al., 1975; Swider et al., 1978; Banks, 1979; Fabian et al., 1979; Jack-
man et al., 1980, 1990, 1993, 1995, 2000, 2007; Solomon and Crutzen, 1981; Rusch
et al., 1981; Solomon et al., 1981, 1983; Reagan et al., 1981; Jackman and McPeters,
1985; Roble et al., 1987; Reid et al., 1991; Vitt and Jackman, 1996; Vitt et al., 2000;
Krivolutsky et al., 2001, 2003, 2005, 2006; Verronen et al., 2002, 2005, 2006; Seme-
niuk et al., 2005). Most of these studies were carried out with lower dimensional models
(0-D, 1-D, 2-D); however, a few used three-dimensional (3-D) models (e.g. Jackman et
al., 1993, 1995, 2007; Semeniuk et al., 2005; Krivolutsky et al., 2006) to investigate
the more detailed global effects of SPEs.

In this study we have used version 3 of the Whole Atmosphere Community Climate
Model (WACCM3), which is a general circulation model with complete interactive pho-
tochemistry with a domain that extends from the ground to the lower thermosphere.
The recent development of WACCMS allows study of the detailed time-dependent 3-
D atmospheric response to a variety of perturbations. The purpose of this work is to
use WACCMS to investigate the global effects of SPEs over solar cycles 20-23 (years
1963-2005). The short- and medium-term (days to months) atmospheric influence will
be shown with particular attention to the SPE-induced changes in stratospheric and
mesospheric (middle atmospheric) composition. We have observations from several
satellite instruments documenting SPE effects during the most recent solar maximum
period (solar cycle 23, years 2000-2005) to help verify WACCM3 predictions. We also
have a few satellite instrument measurements of atmospheric impacts during the very
large SPEs of August 1972 and October 1989 with which to compare.

This paper is divided into seven primary sections, including the Introduction. The
solar proton flux and ionization rate computation are discussed in Sect. 2 and SPE-
induced production of HO, and NO, are discussed in Sect. 3. A description of the
satellite instrument measurements and WACCMS3 is given in Sect. 4. WACCMS3 model
results for short-term (days) constituent changes, with comparisons to measurements
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for some very large SPEs of the past 45 years, are shown in Sect. 5 while medium-
term (months) constituent changes caused by SPEs are discussed in Sect. 6. The
conclusions are presented in Sect. 7.

2 Proton measurement/ionization rates

Solar proton fluxes have been measured by a number of satellites in interplanetary
space or in orbit around the Earth. The National Aeronautics and Space Administra-
tion (NASA) Interplanetary Monitoring Platform (IMP) series of satellites provided mea-
surements of proton fluxes from 1963—1993 (Jackman et al., 1990; Vitt and Jackman,
1996). The National Oceanic and Atmospheric Administration (NOAA) Geostationary
Operational Environmental Satellites (GOES) were used for proton fluxes from 1994—
2005 (Jackman et al., 2005b).

Proton flux data from IMP 1-7 were used for the years 1963-1973. These data were
taken from T. Armstrong and colleagues (University of Kansas, private communication,
1986; see Armstrong et al. (1983) for a discussion of the IMP 1-7 satellite measure-
ments). A power law was used to fit these flux data as a function of energy, which
were assumed to be valid over the range 5-100 MeV (Jackman et al., 1990) and then
degraded in energy using the scheme first discussed in Jackman et al. (1980). The
scheme includes the deposition of energy by all the protons and associated secondary
electrons. The energy required to create one ion pair was assumed to be 35eV (Porter
et al., 1976).

IMP 8 was used for the proton flux data for the years 1974—1993. Vitt and Jackman
(1996) take advantage of the measurements of alpha particles by IMP 8 as well and
use proton fluxes from 0.38—289 MeV and alpha fluxes from 0.82—-37.4 MeV in energy
deposition computations. The energy deposition methodology is similar to that dis-
cussed in Jackman et al. (1980). Alpha particles were found to add about 10% to the
total ion pair production during SPEs.

Four GOES satellites are used for the proton fluxes in years 1994-2005: 1) GOES-7
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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 31 December 2005; and 4) GOES-10 to fill in the gap of
missing proton flux data from 9 April through 9 May 2003. The GOES satellite proton
fluxes are fit with exponential spectral forms in three energy intervals: 1—10MeV, 10—
50 MeV, and 50-300 MeV. The energy deposition methodology again is that discussed
in Jackman et al. (1980).

The daily average ion pair production rates for years 1963—2005 were computed from
the energy deposition assuming 35 eV/ion-pair. An example of the daily average ion-
ization rate (cm‘3 s'1) is given in Fig. 1 for a thirteen day period in October—November
2003, a very intense period of SPEs. The 28-31 October 2003 SPE period was the
fourth largest of the past 45 years (see Table 1). Very large daily average ionization
rates of >5000cm s~ extending from 0.01 to 1 hPa are computed for 29 October
2003. Large ionization rates >1000 cm s extending from the upper stratosphere
through the mesosphere are computed for 28—30 October 2003.

These ionization rate data are provided as functions of pressure between 888 hPa
(~1km)and 8x10°hPa (~115km) at the SOLARIS (Solar Influence for SPARC) web-
site (http://strat-www.met.fu-berlin.de/~matthes/sparc/inputdata.html) and can be used
in model simulations.

3 0dd hydrogen (HO,) and odd nitrogen (NO,) production
3.1 Odd hydrogen (HO,) production

Protons and their associated secondary electrons also produce odd hydrogen (HO,).
The production of HO, takes place after the initial formation of ion-pairs and is the
end result of complex ion chemistry (Swider and Keneshea, 1973; Frederick, 1976;
Solomon et al., 1981). Generally, each ion pair results in the production of approx-
imately two HO, species in the upper stratosphere and lower mesosphere. In the
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middle and upper mesosphere, an ion pair is calculated to produce less than two HO,
species. The HO, production from SPEs is included in WACCM3 using a lookup ta-
ble from Jackman et al. (2005a, Table 1), which is based on the work of Solomon et
al. (1981). The HO, constituents are quite reactive with each other and have a relatively
short lifetime (~ hours) throughout most of the mesosphere (Brasseur and Solomon,
1984, see Fig. 5.28) and thus are important only during and shortly after solar events.

3.2 Odd nitrogen (NO,) production

Odd nitrogen is produced when the energetic charged particles (protons and associ-
ated secondary electrons) collide with and dissociate N,. We assume that ~1.25N
atoms are produced per ion pair and divide the proton impact of N atom production
between ground state (~45% or ~0.55 per ion pair) and excited state (~55% 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 N(4S) per ion pair and
0.7 N(2D) atoms per ion pair for our model simulations.

SPEs can also lead to a reduction in odd nitrogen via production of N(4S), when
the NO, loss reaction, N(4S)+NO—>N2+O, is increased. This NO, loss mechanism is
important during especially large SPEs, when a huge amount of NO, is produced in a
short period of time (Rusch et al., 1981). In spite of the associated enhanced loss of
NO, during these disturbed periods, SPEs will result in an increase in NO, constituents
on the whole. Figure 2 shows a time series of our computed annually averaged global
NO, production from SPEs in the middle atmosphere. The NO, production roughly
follows the solar cycle with maximum (minimum) production near sunspot maximum
(minimum).

Although the solar UV-induced oxidation of nitrous oxide (N20+O(1D)—>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 NOy can be significant during certain
years. This is especially true at polar latitudes where the transport from lower latitudes
and the larger solar zenith angles result in a somewhat smaller local source of NO, due
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to N,O oxidation. Table 1 shows the magnitude of the fifteen largest individual SPEs, in
terms of the computed middle atmospheric NO, production, during the past 45 years.
Note that eight of these event periods occurred during the current solar cycle.

The NO, family can have a lifetime of months to years, if it is transported to the middle
and lower stratosphere (e.g. Randall et al., 2001; Jackman et al., 2005a). Therefore,
the effects of the SPE-produced NO,, can last for several months, especially when large
solar events occur in late fall or winter.

4 Model and measurement information
4.1 Description of the Whole Atmosphere Community Climate Model (WACCMS3)

WACCMS3 is a relatively new model with a domain from the surface to 140 km and 66
vertical levels. Vertical resolution is <1.5km between the surface and about 25 km.
Above that altitude, vertical resolution increases slowly to 2km at the stratopause
and 3.5km in the mesosphere; beyond the mesopause, the vertical resolution is one
half the local scale height. The latitude and longitude grids have spacing of 4° and
5°, respectively. The model has fully interactive dynamics, radiation, and chemistry.
WACCMS3 incorporates modules from the Community Atmospheric Model (CAMS3), the
Thermosphere-lonosphere-Mesosphere-Electrodynamics General Circulation Model
(TIME-GCM), and the Model for Ozone And Related chemical Tracers (MOZART-3)
to simulate the dynamics and chemistry of the Earth’s atmosphere. This model has
been developed over the past seven years and has become a useful tool for investigat-
ing the coupling among the various atmospheric regions from the troposphere through
the middle atmosphere to the lower thermosphere (Sassi et al., 2002, 2004; Forkman
et al., 2003; Richter and Garcia, 2006; Garcia et al., 2007).
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4.2 WACCMS3 simulations

WACCMS3 was forced with observed time-dependent sea surface temperatures (SSTs),
observed solar spectral irradiance and geomagnetic activity changes, and observed
concentrations of greenhouse gases and halogen species over the simulation periods
(see Garcia et al., 2007). We have completed a number of WACCM3 simulations, some
with the daily ionization rates from SPEs and some without. The ionization rates, when
included, were applied uniformly over both polar cap regions (60-90° N and 60-90° S
geomagnetic latitude) as solar protons are guided by the Earth’s magnetic field lines to
these areas (McPeters et al., 1981; Jackman et al., 2001, 2005a). The effects are not
expected to be symmetric between the hemispheres because of the differing offsets
of geomagnetic and geographic poles. A list of the WACCM3 simulations and their
designation in this study is given in Table 2.

Since the year 1989 was very active in terms of SPEs (see Table 1), simulations
with SPEs (see 2 a,b,c,d) and without SPEs (see 2 w,x,y,z) were performed to study
the 15 month period, 1 Januay 1989-31 March 1990. The very large July 2000 SPE
was studied in further detail over the period 2 July—30 September 2000 using simula-
tions with SPEs (see 3 a,b,c,d) and without SPEs (see 3 w,x,y,z). The very large late
October/early November 2003 SPEs were studied in further detail over the period 25
October—14 November 2003 using a simulation with SPEs (see 4 a) and without SPEs
(see 4 w). Simulations 1(a,b,c,d), 2(a,b,c,d), and 2(w,x,y,z) have model output every
five days. Simulations 3(a,b,c,d), 3(w,x,y,z), 4(a), and 4(w) have model output every
day. For short periods (~two weeks), different realizations produce similar results; thus
it is appropriate to use only a single realization for simulation 4.

4.3 Satellite instrument measurements

Several satellite instruments have recorded atmospheric constituent change caused by
SPEs. We will compare WACCMS3 results with:
1) Nimbus 4 Backscatter Ultraviolet (BUV) ozone measurements (August 1972
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SPEs);

2) Stratospheric Aerosol and Gas Experiment (SAGE) Il ozone and NO, and NOAA
11 Solar Backscatter Ultraviolet 2 (SBUV/2) ozone measurements (October 1989
SPEs);

3) NOAA 14 SBUV/2 ozone and Upper Atmosphere Research Satellite (UARS) Halo-
gen Occultation Experiment (HALOE) NO, (July 2000 SPE);

and 4) UARS HALOE NO, and Envisat Michelson Interferometer for Passive Atmo-
spheric Sounding (MIPAS) ozone, NO,, HNO3;, N,O5, and HOCI (October/November
2003 SPEs).

5 SPE-induced short-term (days) changes in composition

The very large SPEs (see Table 1) caused the most profound changes in atmospheric
composition. Satellite instrument observations exist for several constituents during
SPEs that occurred in solar cycle 23. The October 2003, July 2000, August 1972, and
October 1989 SPEs — the fourth, third, second, and first largest SPE periods in the
past 45 years, respectively — were ideal candidates for comparing WACCMB3 results to
measurements. Previous studies of these four SPE periods have documented signifi-
cant changes associated with the events (e.g. Heath et al., 1977; Reagan et al., 1981;
McPeters et al., 1981; Jackman and McPeters, 1987, 2004; Jackman et al., 1990,
1993, 1995, 2001, 2005a; Zadorozhny et al., 1992; Randall et al., 2001; Seppala et
al., 2004; Degenstein et al., 2005; Lopez-Puertas et al., 2005a, b; Orsolini et al., 2005;
von Clarmann et al., 2005; Rohen et al., 2005). We compare the WACCM3 results with
some of these satellite measurements in Sects. 5.2 through 5.4.

Several large solar eruptions occurred in October/November 2003, the so-called
“Halloween Storms”. The most intense SPE period accompanying these solar erup-
tions was during 28-31 October 2003, the fourth largest SPE period in the past 45
years. The atmospheric effects from these SPEs are probably the best documented for
any solar events. At least five satellite instruments measured the atmospheric effects of
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these SPEs, including UARS HALOE, NOAA-16 SBUV/2, and Envisat's MIPAS, SCIA-
MACHY, and GOMOS (Seppala et al., 2004; Jackman et al., 2005a; Lopez-Puertas et
al., 2005a, b; von Clarmann et al., 2005; Orsolini et al., 2005; Degenstein et al., 2005;
Rohen et al., 2005). The middle atmospheric effects from the SPEs were largest during
and several days after these events.

To be clear: We focus only on the impact of the solar protons associated with the so-
lar eruptions in October—November 2003. It is likely that huge increases in lower ther-
mospheric NO, were created by lower-energy electron precipitation, which occurred in
conjunction with these SPEs. The very large enhancements in mesospheric and up-
per stratospheric NO, observed by UARS HALOE, the Canadian Space Agency (CSA)
Atmospheric Chemistry Experiment (ACE), and MIPAS in the Northern Hemisphere in
February—April 2004 were possibly caused by the downward transport of this thermo-
spheric NO, to lower atmospheric levels (Natarajan et al., 2004; Rinsland et al., 2005,
and Randall et al., 2005).

5.1 HO, (H, OH, HO,) constituents

The “Halloween Storms” of 2003 caused SPEs, which produced HO, constituents.
The HO, changes simulated by WACCMS3 are presented in Fig. 3 for the southern
(70-90° S; left) and northern (70-90° N; right) polar regions from simulation 4(a). Huge
HO, increases are predicted during the most intense periods of the SPEs reaching
over 100% and 700% near 0.1 hPa in the southern and northern polar regions, re-
spectively. Since the HO, species have a relatively short lifetime (hours), these very
short-term effects disappear almost entirely by the end of 6 November. HO, changes
after this date are due to the normal seasonal behavior in those regions as sunlight
increases (decreases) in the southern (northern) polar regions at this time of year,
leading to increases (decreases) in HO, as the sources of HO, [H20+O(1D)—>20H
and H,O+hv—H+OH] are affected. The enhanced HO, constituents produced by the
SPEs led to short-term ozone destruction, especially in the mesosphere and upper
stratosphere.
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5.2 NO, (N, NO, NO,) constituents

The NO, species have considerably longer lifetimes than the HO, species and are
produced in great abundance during very large SPEs. For example, we have evidence
of huge enhancements of NO, as a result of the “Halloween Storms” of 2003. The
Envisat MIPAS instrument provided simultaneous observations of NO, in both polar
regions. Atomic nitrogen (N) is quite small in the mesosphere and stratosphere; thus,
the MIPAS measurements of NO and NO, essentially provide a measure of the polar
NO, enhancements during the “Halloween Storms” of 2003. We show the MIPAS
Northern Hemisphere polar NO, on three days (27, 29, and 30 October) in Fig. 4 (top)
at the 2250 K (50-55 km) surface. The polar vortex edge has been calculated using the
Nash criterion (Nash et al., 1996) but modified so that a dynamical tracer (CH, below
1500 K and CO above) has been used, instead of the mean zonal winds. This vortex
boundary is represented with a red curve and the geomagnetic pole is marked with
a red plus sign. Some individual NO, values reached 180 ppbv, about a factor of ten
larger than normal under unperturbed conditions. Generally, the largest average NO,
values were close to 100 ppbv.

We present WACCMS3 results for the same three days in Fig. 4 (bottom) from simula-
tion 4(a). The model shows similar qualitative and quantitative behavior with polar NO,
levels reaching over 90 ppbv. There are differences in the shape of the SPE-perturbed
region, which are probably due to differences between the transport in WACCM3 and
the Earth’s atmosphere at this level. WACCMS is a free-running climate model, so the
computations cannot be expected to reproduce in detail the conditions prevailing in the
atmosphere at any particular time.

NO, levels were also measured during this period by UARS HALOE. We show the
excess NO, beyond baseline amounts before the SPE period in our Fig. 5 (left) (taken
from Fig. 7 of Jackman et al., 2005a). This plot was constructed with HALOE profiles
taken at high southern latitudes in the SPE-disturbed period 30 October—7 Novem-
ber 2003 compared to those taken at high southern latitudes before the SPE (12—-15
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October 2003).

We present WACCMS results from simulation 4(a) for NO, during this same period
in Fig. 5 (right). The values in the plot show the excess NO, beyond the 25 October
2003 levels (quiet period). Both the observations and the model indicate a very similar
temporal structure. Huge NO, increases of greater than 100 ppbv were produced in
the middle to upper mesosphere (0.03 to 0.006 hPa) for 30-31 October . The lower
mesosphere showed NO, increases of greater than 20 ppbv throughout the period,
compared with unperturbed values of less than 1 ppbv (Jackman et al., 2005a). There
are some modest differences between the WACCMS3 predictions and the HALOE mea-
surements. There appears to be a larger amount of modeled NO, on 7 November
between about 0.7 and 3 hPa than shown in the measurements. However, given the
huge NO, changes from this perturbation, WACCM3 and HALOE are in reasonable
agreement.

5.3 Ozone

Ozone was also impacted by these SPEs. The SPE-produced HO, and NO, con-
stituents led to short- and longer-term catalytic ozone destruction in the lower meso-
sphere and stratosphere (pressures greater than about 0.5 hPa). The temporal evolu-
tion of changes in ozone abundance measured by MIPAS during and after the October—
November 2003 SPEs is given in Fig. 6 (top). These values are presented for the
Southern Hemisphere (SH) (70-90° S) and Northern Hemisphere (NH) (70—90° N) po-
lar caps. The measurements are compared to WACCM3 predictions from simulation
4(a) in the same regions in Fig. 6 (bottom). Due to the short lifetime of HO, constituents
(see Fig. 3), their ozone influence lasts only during and for a few hours after the SPEs.
This explains the huge measured and modeled ozone depletion on 29—30 October and,
to a lesser extent, on 3—4 November. Note that Fig. 1 shows ion pair production, which
is essentially a proxy for the NO, and HO, production.

SPE impacts in the NH are larger than the SH in both models and simulations. NH
ozone depletion exceeds 50% during the SPEs in late October. Polar NH upper strato-
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spheric ozone depletion greater than 30% continues through 14 November, the end of
the plotting period. The polar SH shows ozone reduction greater than 30% during the
SPEs in late October with lower mesospheric ozone depletion from 5-10% continuing
through 14 November.

The measured and modeled ozone depletions do show some differences. The NH
modeled ozone indicates a larger recovery (0zone enhancement) above ~57 km after
7 November, than indicated in the measurements. This apparent NH ozone recovery
is due to seasonal changes, wherein ozone is enhanced via transport from above. The
SH modeled ozone below ~45 km indicates a larger ozone depletion after 2 November,
than indicated in the measurements. The reason(s) behind these NH and SH model-
measurement differences are still unclear, but is probably caused in part by the fact
that transport in WACCM is not meant to simulate any specific year.

Other measurements of short-term ozone loss caused by solar protons are available
for other SPEs. For example, a very large SPE commenced on 14 July 2000, the so-
called “Bastille Day” solar storm, which was the third largest SPE period in the past 45
years. This SPE took place over the 14-16 July period. Jackman et al. (2001) showed
Northern Hemisphere polar ozone changes (in ppmv) from the NOAA 14 SBUV/2 in-
strument at 0.5 hPa due to the July 2000 SPE between 13 July (before SPE) and 14-15
July (during SPE), 2000. We provide a similar plot in Fig. 7, which shows the percent-
age change for ozone from 13 July to 14—15 July for NOAA 14 SBUV/2 and from 13 July
to 15 July at 0:00 GMT from WACCM3 simulation 3(a). Figure 7 (left) is constructed
from 24 h of NOAA 14 SBUV/2 orbital data during the maximum intensity of the event
and Fig. 7 (right) is a difference of model “snapshots.”

The polar cap edge (60° geomagnetic latitude), wherein the protons are predicted
to interact with the atmosphere, is indicated by the white circle. Large ozone de-
creases of 30—40% are seen at this pressure level in both the SBUV/2 observations
and WACCMS calculations, which are primarily caused by the SPE. These ozone de-
creases are driven by catalytic destruction from the HO, increases of ~100% and are
mostly confined to the polar cap areas (e.g. Jackman et al., 2001). Overall there is
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good agreement between WACCMS3 and SBUV/2.
5.4 Other constituents

Several other constituents appear to have been influenced as a result of the SPEs dur-
ing the “Halloween Storms” of 2003, including HNO3, HOCI, CIO, CIONO,, and N,Os
(Orsolini et al., 2005; von Clarmann et al., 2005; Lopez-Puertas et al., 2005b). We
show WACCM3 comparisons with three of these constituents, HNO3, N,O5. and HOCI.
Figure 8 (top) shows the temporal change in Envisat MIPAS HNO; during the nighttime
in the polar Northern Hemisphere (70-90° N). This figure was taken from Fig. 2a of
Lopez-Puertas et al. (2005b), who argued that the increases in HNO3 from 30-45km
were probably caused primarily by the gas-phase reaction, NO,+OH+M—HNO;+M.
Both OH and NO, enhancements were simulated when WACCMS3 was run with SPEs
and this reaction leads to increases in HNO5. However, the model results from sim-
ulation 4(a) (see Fig. 8 (middle)) suggest that HNO3 increases were largest above
45 km and below 30 km in the period plotted. Figure 8 (bottom) shows WACCMS3 re-
sults from a simulation without SPEs, simulation 4(w), which indicates that there are
seasonal changes below 35 km forcing an enhancement in HNO; at this time of year.
The length of night is gradually increasing in late October and November, which leads
to an increase in the reservoir species (including HNOg). It is difficult to understand
the significant observed changes in the 30—45 km altitude range, given the ionization
rates of Fig. 1, without involving some other pathway for HNO4 production such as ion
chemistry. Lopez-Puertas et al. (2005b) discussed the following ion chemistry scheme
for HNO3 production:

HaO*OH+H,0 — H*(H,0),+O0H
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This pathway for HNO3 production, first proposed by Solomon et al. (1981), requires
the production of NO; and functions under dark conditions. Such a scheme is presently
not included in WACCMS3 computations.

Envisat MIPAS measurements and WACCM3 computations of N,Og are presented
for the polar Northern Hemisphere (70-90° N) in Fig. 9. The temporal change in En-
visat MIPAS N,O; during the nighttime in the polar Northern Hemisphere (70-90° N) is
taken from Fig. 5 of Lopez-Puertas et al. (2005b) and shown in Fig. 9 (top). The N,Og5
modeled [simulation 4(a)] enhancements peaked between 30 and 50 km near the last
day plotted (14 November), similar to the MIPAS observations. WACCMS3 predicted
N,Oj increases of 5-6 ppbv (primarily driven by the SPEs) were, however, significantly
larger than the MIPAS measured increases of about 1 ppbv. WACCMS3 predicted sea-
sonal changes in N,Og are shown in Fig. 9 (bottom) from a computation without SPEs
[simulation 4(w)]. This plot indicates the importance of the seasonal changes in forcing
the N,Og5 enhancement of 0.6 ppbv between 25 and 35 km from 26-31 October 2003.
The seasonal changes contribute only modestly to the N,Og increases in the mid- to
upper stratosphere (30—-50km) in November 2003, so the cause of the discrepancy
between the model and measurements at these altitudes is not understood.

Envisat MIPAS measurements and WACCM3 computations of HOCI simulation 4(a)
are presented for the polar Northern Hemisphere (70-90° N) in the top and bottom
of Fig. 10, respectively. Both model and measurement show very significant HOCI
enhancements in the altitude range 35-55km. The mechanism for increasing HOCI
as a result of the SPEs involves enhancing the HO, constituents, which then speed up
the following gas-phase three reaction sequence:

OH+HCI - H,0+Cl
Cl+04 — CIO+0,

Generally, the measurements and model predictions are in agreement, although there
is a slight disagreement in the altitude range of the effect. The measurements indi-
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cate HOCI increases all the way down to 30 km, whereas WACCM3 calculates HOCI
increases from 35km up to 60 km and above. Both measurements and model show a
HOCI peak on 29 October; however, the WACCMS3 peak is about 0.1-0.15 ppbv larger.
WACCMS3 results also show a secondary HOCI peak on 4 November due to a smaller
SPE in this period (Fig. 1). We also investigated model predictions in the WACCM3
computation without SPEs [simulation 4(w)] and found very small changes over this
period, implying that most of the measured and modeled HOCI changes were due to
the SPEs.

Our simulations also provided information on CIO and CIONO, changes during and
shortly after the SPEs during the “Halloween Storms” of 2003, which are not shown
in this study. WACCMS3 CIO enhancements peaked near 0.3 ppbv on 29 October sim-
ilar to the MIPAS observations (von Clarmann et al., 2005). However, the model en-
hancements were largest above 50 km and the MIPAS increases were largest between
about 35 and 45 km. The predicted CIONO, increases caused by the SPEs maximized
over 0.3 ppbv about a week after the largest proton fluxes on 29-30 October similar
to the MIPAS observations (von Clarmann et al., 2005; Lopez-Puertas et al., 2005).
The CIONO, modeled enhancements were largest between 40 and 50 km and the MI-
PAS CIONO, measured increases were largest below 40 km, peaking between 30 and
33 km.

Overall it seems the modeled enhancements in HNO5, HOCI, CIO, CIONO,, and
N,Os tend to be higher in altitude than indicated in the measurements. These
model/measurement differences seem to be caused, at least partially, by an overly
strong smoothing constraint applied to the retrieval of MIPAS species abundances.
The Tikhonov smoothing operator used in the MIPAS retrieval was originally optimized
for unperturbed conditions. New retrievals performed with a more relaxed regulariza-
tion allow a better vertical resolution. For a few days in this period these new retrievals
show generally that the altitude of the peak of the enhancement is located at higher
altitudes, as WACCMS3 predicts. In particular, the MIPAS re-processed HNOj, also
shows two enhanced layers, the lower one at ~25 km, explained by the model by the
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seasonal change, and the SPE-induced enhanced layer at around 45-50km. The re-
processed CIONO, also shows an enhancement at higher altitudes, around 35-45 km,
but still some ~5km lower than in the model. Hence the re-processed data for HNO;
and CIONO, shows a much better agreement but still about 5 km lower in the measure-
ments. We should have in mind that this altitude shift is similar to the vertical resolution
of MIPAS for those species in this region, of about 4-5 km.

The re-processed N,O5 abundance does not exhibit, however, any significant
change. Hence, the model clearly overestimates the measurements. Since the pro-
duction of N,Og is very sensitive to the temperature, differences between the pre-
dicted/real temperatures, and/or differences in the dynamics (downward transport of
earlier-produced NO,) might explain these differences.

6 SPE-induced medium-term (months) changes in composition
6.1 July 2000 Solar Proton Event

The July 2000 SPE produced huge amounts of NO,, which was observed by HALOE
and simulated in a 2-D model (Jackman et al., 2001). We computed an ensemble
average of the two groups of simulations 3(a,b,c,d) and 3(w,x,y,z) and differenced the
two to derive the results shown in Fig. 11. Note the near anti-correlation of NO, (Fig. 11,
left) and ozone (Fig. 11, right) over most of this period. The HO, constituents (not
shown) produced during the SPE on days 196-198 (14—16 July) are responsible for
the short-lived large ozone decreases (>40%). The SPE-caused enhanced NO, then
drives the ozone depletion after this period. By about day 255 (11 September), a NO,
increase of >5 ppbv appears to cause an ozone loss of >10%. The rate of descent of
the NO, and ozone perturbation is about 140 m/day (~0.16 cm/s) over this period.

Is there any evidence of SPE-caused NO, enhancements lasting at least six weeks
after the event period, as simulated by WACCMS3? Yes: Randall et al. (2001) showed
evidence from HALOE observations of large NO, (NO+NO,) enhancements two
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months after this July 2000 SPE in the Southern Hemisphere. The NO, increases
in September 2000 in the polar vortex were almost certainly caused by the July 2000
SPE (see Fig. 12, left). Ten years of HALOE observations are presented in Fig. 12
(left). Although there is evidence of interannual variability, the year 2000 shows en-
hancements of NO, by about a factor of 2-3 beyond the normal range near 1000 K
(~33km).

We have sampled the WACCMS3 output of simulation 1(a) in a similar manner and
present the results in Fig. 12 (right side). The WACCMS3 results indicate somewhat
larger interannual variability above about 32 km, and less variability below this altitude.
However, year 2000 shows a clear enhancement beyond the normal range that is anal-
ogous to the HALOE measurements. The sharper peak in WACCMS is likely related to
the coarser altitude grid in the model. There are differences in the interannual variabil-
ity in WACCMS3 compared with HALOE near the top level shown (1500 K, ~40km) in
Fig. 12. It is unclear what the differences in variability mean, although a strong possi-
bility is different dynamics in the model and actual atmosphere. For instance, the local
maxima near 700—-800K in the HALOE data likely result from downward transport of
NO, produced earlier in the winter at higher altitudes by energetic particle precipitation
(see Randall et al., 2007); WACCM3 might not be simulating this transport adequately.
Recall that since the version of WACCMS3 used here is not forced by analyzed winds,
we do not expect the model dynamics to match the atmospheric dynamics in detail for
any specific year.

6.2 August 1972 Solar Proton Events

The second largest SPE period in the past 45 years occurred 2—10 August 1972 (days
215-223). Although this SPE period occurred about 35 years ago, there were recorded
measurements of its ozone impact (e.g. Heath et al., 1977; Reagan et al., 1981;
McPeters et al., 1981; Jackman and McPeters, 1987; Jackman et al., 1990). We com-
pare our WACCMS3 predicted ozone changes to measured ozone changes from the
backscattered ultraviolet (BUV) instrument on the Nimbus 4 satellite between about
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32 and 53 km for 60 days in Fig. 13. The BUV changes (Fig. 13a) were derived by
comparing 1972 to 1970 ozone data (Jackman et al., 1990) in latitude band 70-80° N.
The WACCM3 computed ozone changes (Fig. 13b) were derived by averaging the en-
semble of simulations 1(a,b,c,d) and comparing 1972 to 1970 for the same latitude
band.

There is reasonable agreement between the model and measurement with both
showing significant ozone depletion (>10%) in the upper stratosphere (~40-50km)
over most of the 60-day time period in the 70-80° N latitude band. Both model and
measurement show modest ozone depletion (5—10%) in the altitude region 40—45km
over most of the period in the 50—60° N latitude band (not shown). There are also some
differences with the measurements indicating a larger ozone depletion in the 33—40 km
region for both latitude bands than simulated by the model. As explained in Jackman et
al. (2000), only proton fluxes with energies less than 100 MeV were included for these
SPEs. The August 1972 events probably did have protons with energies greater than
100 MeV, which affect altitudes below 35km. These high-energy protons, however,
could not be reliably included into our computations.

6.3 October 1989 Solar Proton Events

The largest SPE period in the past 45 years occurred 19-27 October (Days 292—-300),
1989. The NO, produced during this period was nearly a factor of two larger than the
second largest SPE period (see Table 1). Both rocket measurements (NO; Zadorozhny
et al., 1992) and satellite measurements (ozone and NO,; Jackman et al., 1993, 1995)
showed atmospheric changes as a result of these extremely intense SPEs.

We computed an ensemble average of the two groups of simulatios 2(a,b,c,d) and
2(w,x,y,z) and differenced the two to derive the percentage change shown for NO,
(Fig. 14, top) and ozone (Fig. 14, bottom) at 70°N. Very large upper stratospheric
enhancements of NO, greater than 100% from late October to early December drive
ozone decreases greater than 20%. The substantial ozone depletion (>10%) between
2 and 4 hPa before the 19-27 October SPE period was mainly caused by prior large
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SPE periods in 13—26 August 1989 and 29 September—3 October 1989 (see Table 1),
which produced sufficient NO, to cause a longer-lived ozone loss.

We computed the ozone change in the latitude band 60-80° from the WACCM3
simulations 2(a,b,c,d) at 4 hPa (December 1989 contrasted with the December 1990
and December 1991 average) to be: 1) —6% for the SH; and 2) —18% for the NH.
These model results can be compared to the NOAA 11 SBUV/2 measurements taken
from Jackman et al. (1995), see Table 1 of: 1) —1% for the SH; and 2) —12% for the
NH. Although there are quantitative differences between WACCMS3 and SBUV/2 mea-
surements, the prediction of a substantially larger ozone depletion in the NH than the
SH in December 1989 is similar to the measurements. These WACCM3 results com-
plement the three-dimensional chemistry-transport-model results given in Jackman et
al. (1995).

SAGE Il ozone and NO, measurements over five months after this extreme pro-
ton flux period have been reported before in a comparison with 3D model predictions
(Jackman et al., 1995). SAGE Il observations and WACCMS3 simulation results are
presented for NO, (Fig. 15, top) and ozone (Fig. 15, bottom) for 31 March 1990.
The SAGE Il observations were derived by computing the percentage difference on
31 March 1990 compared with 31 March 1987 and are represented by the solid line
with asterisks. WACCMS (case 1) results, represented by the dotted line, were derived
using the ensemble mean of simulations 1(a,b,c,d) and computing the percentage dif-
ference on 31 March 1990 compared with 31 March 1987. WACCMS3 (case 2) results,
represented by the dashed line, was derived from the ensemble average of simula-
tions 2(a,b,c,d) differenced with the ensemble average of simulations 2(w,x,y,z) for 31
March 1990.

SAGE Il measurements and WACCMS predictions show large enhancements in NO,
on 31 March 1990 (Fig. 15, top): ~68% at 21 km for SAGE Il; ~105% at 22 km for
WACCMS3 (case 1); and ~34% at 22 km for WACCMS (case 2). These results point
to a substantial downward transport of NO, (in general) and NO,, (in particular) after
the SPEs (also, see Fig. 14, top). Although there are differences between the model
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simulations and measurements in the absolute amount of enhanced NO, on 31 March
1990 as a result of the October 1989 SPEs, it is clear that these SPEs have led to an in-
crease in NO,. Some of the differences between WACCMS3 and SAGE Il NO, changes
are probably related to interannual variability (see discussion in Jackman et al., 1995).
Randall et al. (2006) also showed that varying meteorology plays a substantial role
in determining the distribution of NO, in the NH middle atmosphere several months
after energetic particle precipitation. Differences in medium-term changes in composi-
tion between the model and measurements are thus expected for these climatological
WACCMS3 runs.

The measured and modeled decreases in ozone are in qualitative agreement near
25km (Fig. 15, bottom): ~11% for SAGE Il; ~10% for WACCMB3 (case 1); and ~5% for
WACCMS3 (case 2). The measured and modeled ozone changes above 25 km indicate
substantial variations with altitude. The polar regions have large interannual dynamical
variations in both measurements and model simulations; thus, it is difficult to predict
precisely the ozone impact over five months after this extremely large SPE period.

7 Conclusions

The WACCM3 has been used to study the short-term (days) and medium-term
(months) constituent changes caused by SPEs over the 1963-2005 time period. The
most pronounced atmospheric effects were caused by the very largest SPEs in this
period and are concentrated in the polar regions. The four largest SPEs in the past
45 years (August 1972; October 1989; July 2000; and October—November 2003) have
satellite instrument observations of atmospheric changes with which to compare. Gen-
erally, there is reasonable agreement between the WACCMS predictions and the ob-
servations, especially for SPE-caused NO, enhancements and ozone depletion. There
are, however, some disagreements between WACCMS3 and satellite instrument ob-
served enhancements of HNO3, HOCI, CIO, CIONO,, and N,Og, which tend to be
higher in altitude than indicated in the measurements.
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The atmospheric constituent effects can be summarized as follows: 1) Polar meso-
spheric NO, (NO+NO,) increased by over 50 ppbv and mesospheric ozone decreased
by over 30% during these very large SPE periods; 2) polar upper stratospheric and
lower mesospheric NO, increased by over 10ppbv, which was transported during
polar night down to the middle stratosphere in a few weeks; 3) polar mid- to upper
stratospheric ozone decreased over 20%; and 4) enhancements of HNO5, HOCI, CIO,
CIONO,, and N,O5 were indirectly caused by the very large SPEs.

A manuscript in preparation will discuss the WACCMS simulated long-term (months
to years) atmospheric effects of very large SPEs.
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Table 1. Largest 15 Solar Proton Event Periods in Past 45 Years. Atmospheric effects
of very large solar
Date of SPE(s) Rank Computed NO, Production proton events
In Middle Atmosphere (Gigamoles1) C. H. Jackman et al.
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 1.5
7-17 September 2005 15 1.5

! Gigamole=6.02x1032 atoms and molecules
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Table 2. Description of WACCMS3 simulations.
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C. H. Jackman et al.

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 1989-31 December 1991 Yes
2w, XY, 2) 4 1 January 1989-31 December 1991 No
3(a, b, cd 4 2 July—30 September 2000 Yes
3w, XY, 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 No
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Fig. 1. Daily average ion pair production rates using the GOES 11 proton flux measurements
for 26 October through 7 November 2003. Contour levels are 100, 200, 500, 1000, 2000, and
5000cm~®s™".
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Fig. 2. The amount of NO, gigamoles produced per year in the middle atmosphere by SPEs
is indicated by the histogram with the left ordinate showing the scale; the annual averaged
sunspot numbers are indicated 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 for NOy production are taken from Jackman et al. (1980, 1990, 2005b), Vitt and
Jackman (1996), and recent computations.
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Fig. 3. Temporal evolution of HO, (H, OH, HO,) abundance changes relative to 25 October dur-
ing and after the October—November 2003 SPEs for the Southern Hemisphere (70-90° S) (left)
and Northern Hemisphere (70-90° N) (right) polar caps predicted by WACCM simulation 4(a).
Contour levels plotted are —70, —40, —20, 0, 20, 40, 70, 100, 200, 400, and 700%.
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Fig. 4. Top three plots are taken from Fig. 2 of Lopez-Puertas et al. (2005) and show the
Northern Hemisphere polar atmospheric abundance of NO, (ppbv) for days 27, 29, and 30
October 2003, which is just before and during a major solar proton event at a potential tem-
perature of 2250 K. Contours are zonally smoothed within 700 km. Individual measurements
are represented by diamonds. The polar vortex edge is represented with a red curve and the
geomagnetic pole is marked with a red plus sign. The circle around the pole represents the
polar night terminator. Bottom three plots are from WACCMS3 simulation 4(a) for the same three
days at 0.55 hPa (~55 km).
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Fig. 5. Left plot is taken from Fig. 7 of Jackman et al. (2005a) and shows the polar South-
ern Hemisphere NO, change caused by the late October—early November 2003 SPEs beyond
the ambient atmosphere amounts measured 12—15 October 2003. Right plot is derived from
WACCMS3 simulation 4(a) and indicates the NO, change caused by the October—November
2003 SPEs beyond the ambient atmosphere amounts on 25 October (before the SPEs). Con-
tour levels plotted are 2, 5, 10, 20, 50, and 100 ppbv.
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Fig. 6. Top two plots are taken from Fig. 4 of Lopez-Puertas et al. (2005) and show the temporal
evolution of changes in ozone relative to 25 October during and after the October—November
2003 SPEs for the Southern Hemisphere (SH) (70-90° S) (left) and Northern Hemisphere (NH)
(70-90° N) (right) polar caps. Bottom two plots are derived from WACCM3 simulation 4(a) and
indicate ozone changes relative to 25 October. Contour levels plotted are —70, —65, —60, —55,
-50, —45, -40, -35, -30, —25, —20, -15, =10, -5, 0, 5, 10, 20, and 40%.
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Fig. 7. Left plot shows NOAA-14 SBUV/2 Northern Hemisphere polar ozone percentage
change at 0.5hPa from 13 July 2000 (before the SPE) to 14—15 July 2000 (maximum pro-
ton intensity). Right plot shows WACCMS3 “snapshot” using simulation 3(a) of polar ozone
percentage change at 0.5 hPa for 00:00 GMT from 13 July to 15 July 2000.
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Fig. 8. Top plot is taken from Fig. 2a of Lopez-Puertas et al. (2005b) and shows the temporal
evolution of MIPAS HNO5 abundance changes relative to 26 October for nighttime in the polar
Northern Hemisphere (70-90° N). Middle plot is derived from WACCMS3 simulation 4(a), which
includes SPEs, and indicates HNO; changes relative to 25 October for night in 70-90° N. Bot-
tom plot is derived from WACCM3 simulation 4(w), which does not include SPEs, and indicates
HNO; changes relative to 25 October for night in 70-90° N. Contour levels plotted are —0.6,
-0.4,-0.2,0.0,0.2,0.4,0.6,0.8,1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.5, and 3.0 ppbv.
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Fig. 9. Top plot is taken from Fig. 5 of Lopez-Puertas (2005b) and shows the temporal evolution
of MIPAS N,Oz abundance changes relative to 26 October for nighttime in the polar Northern
Hemisphere (70-90° N). Middle plot is derived from WACCM3 simulation 4(a) and indicates
N,O5 changes relative to 25 October for night in 70-90° N. Bottom plot is derived from WACCM3
simulation 4(w) indicates N,O5 changes relative to 25 October for night in 70-90° N. Contour
levels plotted are —0.6, —0.4, —0.2, 0.1, —0.05, 0.0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4,
0.6,0.8,1.0, 1.5, 2, 3, 4, 5, and 6 ppbv. 10582
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Fig. 10. Top plot is taken from Fig. 1 (middle) of von Clarmann et al. (2005) and shows the tem-
poral evolution of MIPAS HOCI abundance changes relative to 26 October for nighttime in the
polar Northern Hemisphere (70-90° N). Bottom plot is derived from WACCMS3 simulation 4(a)
and indicates HOCI changes relative to 25 October for night in 70—-90° N. Contour levels for the
bottom plot are —0.05, 0.0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, and 0.5 ppbv.
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Fig. 11. Derived from WACCMS3 output showing the difference of the ensemble average of sim-
ulations 3(a,b,c,d) compared to the ensemble average of simulations 3(w,x,y,z) for the latitude
band 60-90° S from day 195 (13 July) through day 275 (1 October) for year 2000. Left plot
indicates NO, change with contour levels of 0, 5, 10, 15, 20, 30, 40, 60, 80, and 100 ppbv.
Right plot indicates ozone change with contour levels of —40, —-30, —20, —15, —10, -5, 0, and
5%.
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Fig. 12. Left plot is an adaptation of Fig. 5a of Randall et al. (2001) showing Southern Hemi-
sphere (SH) polar vortex HALOE NO, (ppbv) profiles in September/October for years 1991—
2000. Right plot shows WACCMS3 simulation 1(a) predicted SH polar vortex NO, (ppbv) profiles

for the same periods.
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Fig. 13. Plot (a) is taken from Fig. 6 of Jackman et al. (1990) and shows the temporal evolution
of measured ozone abundance changes in 1972 relative to 1970 by the backscattered ultra-
violet (BUV) instrument aboard the Nimbus 4 satellite for the latitude band 70-80° N. Plot (b)
is derived from the WACCM3 ensemble average of simulations 1(a,b,c,d) and indicates ozone
changes in 1972 relative to 1970 in the same latitude bands. Contour levels plotted are —30,
-20, —15, -10, -5, and 0%.
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Fig. 14. Temporal evolution of WACCM3-computed percentage ozone change in 1989 for the
ensemble average of simulations 2(a,b,c,d) average compared to the ensemble average of
simulations 2(w,x,y,z) at 70° N for NO,(top) and Ozone (bottom). Contour levels for NO, are
-40, -20, -10, 0, 10, 20, 40, 70, 100, and 1000%. Contour levels for Ozone are —20, —15, —10,
-5,0, 5,10, and 15%.
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Fig. 15. SAGE Il measurements (solid line) and WACCM3 predictions (dashed and dotted
lines) for 70° N zonal mean percentage change for 31 March 1990 for constituents (top) NO,
and (bottom) O;. SAGE Il results were derived by computing the percentage difference on 31
March 1990 compared with 31 March 1987. WACCMS (case 1) was derived using the ensemble
mean of simulations 1(a,b,c,d) and computing the percentage difference on 31 March 1990
compared with 31 March 1987. WACCMS3 (case 2) was derived from the ensemble average
of simulations 2(a,b,c,d) differenced with the ensemble average of simulations 2(w,x,y,z) for 31
March 1990. 10588
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