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[1] Measurements from several different satellite instruments are used to estimate
effects of energetic particle precipitation (EPP) on NOx (NO + NO2) in the Southern
Hemisphere stratosphere from 1992 to 2005. The focus is the EPP Indirect Effect
(IE), whereby NOx produced in the mesosphere or thermosphere via EPP (EPP-NOx)
descends to the stratosphere during the polar winter, where it can participate in
catalytic ozone destruction. EPP-NOx entering the stratosphere is found to vary in
magnitude from 0.1 to 2.6 gigamoles per year, with maximum values occurring
in 1994 and 2003. The interannual variation correlates strongly with several measures
of EPP activity, including auroral and medium energy electron hemispheric power,
and satellite measurements of thermospheric NO. This represents the first estimation of
EPP-NOx contributions to the stratospheric odd nitrogen budget using observations
over an entire solar cycle. The results will be useful for evaluating and constraining
global models to investigate coupling of the upper and lower atmosphere by the
EPP IE, including any influences this might have on ozone trends and possibly on climate.
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1. Introduction

[2] Energetic particle precipitation (EPP) has long been
known to cause increases in NOx (NO + NO2) in the high
latitude mesosphere and thermosphere via a cascade of
dissociation, ionization, and recombination processes [e.g.,
Thorne, 1980; Rusch et al., 1981]. In the sunlit middle
mesosphere and above, NOx has a lifetime of days or less.
In the lower mesosphere, however, and during the polar
winter throughout the mesosphere and into the thermo-
sphere, lifetimes are long enough that there is sufficient
time for the NOx to descend to the stratosphere where it can
participate in catalytic processes controlling ozone. This
mechanism for coupling the upper and lower atmosphere,
referred to here as the EPP Indirect Effect (IE), was examined
more than two decades ago using a two-dimensional model

[Solomon et al., 1982], and observational evidence for its
occurrence has been prevalent [e.g., Callis et al., 1996,
1998a, 1998b; Jackman et al., 1980, 1995, 2001; Randall
et al., 1998, 2001; Rinsland et al., 1996; Russell et al., 1984;
Siskind et al., 1997, 2000]. The EPP IE can be contrasted with
the EPP direct effect, whereby NOx is produced in situ in the
stratosphere [e.g., Jackman et al., 2005a; Rohen et al., 2005];
this requires very high energy particles and thus happens
more rarely. The goal of this paper is to investigate interan-
nual variability in EPP effects on the Southern Hemisphere
(SH) stratosphere using satellite observations dating back to
1992, focusing on the EPP IE.
[3] Callis et al. [1998a, 1998b] noted that EPP occurs

throughout the solar cycle, providing a continuous but
fluctuating source of NOx to the lower thermosphere and
mesosphere that could, through the EPP IE, significantly
impact both odd nitrogen (NOy, composed of N, NO, NO2,
NO3, HNO3, ClONO2, BrONO2, N2O5, and HO2NO2) and
ozone (O3) in the stratosphere. Two-dimensional model
results of Callis et al. [1998b] suggested that variations in
stratospheric NO2 measured by the Stratospheric Aerosol
and Gas Experiment (SAGE) II from 1985 to 1987 were due
to variations in EPP effects, and that the EPP IE causes
changes in stratospheric O3 that are of the same magnitude
as variations caused by solar UV flux variations. Randall et
al. [1998, 2001] presented evidence from the Polar Ozone
and Aerosol Measurement (POAM) II and III instruments
for stratospheric O3 reductions caused by the EPP IE,
showing depletions of 40–45% in middle stratospheric O3

mixing ratios. Siskind et al. [2000], hereafter referred to as
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S00, concluded that Halogen Occultation Experiment
(HALOE) data from 1991 to 1996 suggested that up to half
of the NOx in the midstratospheric polar vortex could be due
to EPP.
[4] The EPP IE gained considerable attention after the

extraordinary period of solar activity in October-December
2003 [Gopalswamy et al., 2005 (and other papers in this
GRL special section); Woods et al., 2004]. EPP at this time
led to increases in odd nitrogen and odd hydrogen from the
thermosphere to the upper stratosphere [Degenstein et al.,
2005; Jackman et al., 2005a; López-Puertas et al., 2005a,
2005b; Orsolini et al., 2005; Rohen et al., 2005; Seppälä et
al., 2004; Verronen et al., 2005; von Clarmann et al., 2005].
The period of intense solar activity was followed by an
unusual winter in the Northern Hemisphere (NH) in which
the upper stratospheric vortex was the strongest on record
during February and March [Manney et al., 2005]. The
combination of late fall/winter EPP and a stable upper
stratospheric vortex led to unprecedented enhancements in
stratospheric NOy, and substantial reductions in O3, during
the NH late winter/spring of 2004 [Jackman et al., 2005a;
Natarajan et al., 2004; Randall et al., 2005a; Rinsland et
al., 2005]. Whether the 2004 springtime enhancements
originated via EPP during the highest periods of solar
activity in 2003, or during later times of more nominal
activity, could not be verified with the available data.
[5] Scientific attention is now focused on the extent to

which the EPP IE contributes to long-term variations in
stratospheric NOx and thus O3 (a recent controversy is
discussed by Callis et al. [2002] and Siskind [2002]), and
any potential consequences for climate. Langematz et al.
[2005] studied the effects of solar-varying relativistic elec-
tron precipitation (REP) using the Freie Universitat Berlin
Climate Middle Atmosphere Model with interactive chem-
istry (FUB-CMAM-CHEM). They found that imposing a
proxy REP NOx source in the polar region from 73 to 84 km
that was four times higher at solar min than solar max
(based on Callis et al. [1991]) led to changes of 40–50% in
NOx throughout the polar stratosphere and changes of 30–
40% in the lower equatorial stratosphere. Sinnhuber et al.
[2005] showed that differences between high latitude
ozonesonde measurements and calculations of a three-
dimensional chemical transport model that lacks EPP
correlate with precipitating energetic electron flux. They
conclude that this correlation is evidence for a large-scale
influence of EPP on stratospheric O3.
[6] Rozanov et al. [2005, hereafter referred to as Rz05]

simulated the EPP IE during 1987, a year with relatively
low geomagnetic activity, with the U. Illinois/Urbana-
Champaign chemistry climate model. They found that
EPP caused NOx enhancements that led to O3 reductions
and cooling throughout most of the stratosphere. Effects
were most pronounced over high latitudes, leading to an
intensification of the polar vortices and small perturbations
to the surface air temperature. They concluded that the
magnitude of the atmospheric response to the EPP IE could
exceed the effects from varying solar UV flux.
[7] That the EPP IE might perturb the stratosphere and

possibly affect climate even under conditions of low or
moderate geomagnetic activity is a provocative conclusion
that warrants further examination. Randall et al. [2006]
showed that a strong Arctic polar vortex in February 2006

led to large amounts of NOx descending to the stratosphere
even though particle activity in the preceding months was
low. In this paper, we examine satellite measurements
dating back to 1992 for evidence of EPP-induced perturba-
tions of stratospheric composition in the SH in order to
deduce the level at which such perturbations occur over a
solar cycle. Using data from POAM II and HALOE,
Randall et al. [1998] and S00 showed that SH polar
stratospheric NOx enhancements from 1991 to 1996 corre-
lated with the Ap index, a reasonable proxy for low-energy
EPP. Here we update analyses of POAM and HALOE data
through 2005, supplemented with data from the Improved
Limb Atmospheric Spectrometer (ILAS-II) and Atmospher-
ic Chemistry Experiment Fourier Transform Spectrometer
(ACE-FTS, hereinafter referred to as ACE). Section 2 of
this paper describes how the EPP IE is manifested in the
satellite data sets. EPP IE interannual variations are quan-
tified in section 3 by calculating the amount of NOx

produced via EPP that descends to 45 km. Section 4
discusses the validity of our calculations and the correlation
between the inferred EPP IE and particle activity, and
compares stratospheric NOx enhancements from the EPP
IE to other sources of stratospheric NOy. This is followed by
a summary in section 5.

2. Observations of the EPP IE

2.1. HALOE NOx Versus CH4

[8] One of the conventional indicators for whether ob-
served stratospheric NOx enhancements originate from EPP-
induced NOx production in the upper atmosphere is an
anticorrelation between NOx and the dynamical tracer
methane (CH4). Polar winter NOx mixing ratios generally
decrease with altitude in the upper stratosphere and meso-
sphere (because there is no source other than EPP), as do
CH4 mixing ratios, so typically low NOx is correlated with
low CH4. When air that has experienced NOx production due
to EPP descends into the stratosphere, however, high NOx

correlates with low CH4 [e.g., Siskind and Russell, 1996].
[9] Figure 1 shows the HALOE version 19 CH4 versus

NOx correlation for all measurements poleward of 40�S
during the months of May through September, at an altitude
of 45 km in the upper stratosphere. HALOE was launched
in mid-1991 [Russell et al., 1993], so SH wintertime data
are available from 1992 through 2005. An earlier version of
the HALOE NOx data was validated by Gordley et al.
[1996], and more recent comparisons with version 19 have
shown good agreement with correlative measurements [e.g.,
McHugh et al., 2005; Randall et al., 1998, 2002]. Park et
al. [1996] validated HALOE CH4 measurements, estimating
total systematic and random errors at less than 15%. Lati-
tudes of the HALOE measurements included in Figure 1 are
shown in Figure 2. Because HALOE is a solar occultation
instrument in a 57� inclination orbit, it samples only a
narrow range of latitudes in each hemisphere (�1–4�) on
each day. Its measurement latitudes vary quickly in time,
with maximum latitude coverage requiring about a month.
Because of the requirement for sunlight, measurement
latitudes extend only to about 50–60� in the winter hemi-
sphere. Thus the HALOE data shown in Figure 1 exclude a
large part of the region encompassed by the wintertime
stratospheric polar vortex.
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[10] The SH scatterplot in Figure 1 for 1996 can be
interpreted as a baseline since EPP effects were minimal
that season [Randall et al., 1998; S00], with a linear
variation showing decreasing NOx with decreasing CH4.
At some level, evidence for EPP-induced NOx enhance-
ments is apparent in every other year, as indicated by the
deviations from linearity at low values of CH4. Assuming
that in the absence of EPP, NOx would decrease with
decreasing CH4, we label the high NOx corresponding to
low CH4 as ‘‘EPP-NOx.’’ Although not shown in Figure 1,
the EPP-NOx corresponds primarily to measurements made
at the poleward edge of the latitude region sampled by
HALOE. This is expected, since NOx created in the upper
atmosphere must remain confined to the polar region to
avoid dissociation as it descends to the stratosphere. Also,
the lowest CH4 mixing ratios are associated with air that has
descended inside the polar vortex. Indeed, a figure analo-
gous to Figure 1 but containing all SH latitudes appears
very similar (not shown), since the lower latitude data
mainly just fill in the baseline scatterplot at higher CH4

mixing ratios.
[11] Qualitatively, the EPP IE as inferred from Figure 1 is

largest in years 1993–1995, 2000, 2003, and 2005, and is
most prominent during the months of June-August. Peak
NOx mixing ratios in 1994 and 2003 are around 30 ppbv in
the HALOE data with CH4 mixing ratios less than 0.2 ppmv.
This compares to an expectation, based on the nominal
NOx/CH4 relationship, of only 5–10 ppbv of NOx. If these
results are extrapolated to the entire polar region, they
suggest that at least in some years, EPP can increase SH
polar NOx at 45 km by factors of 3–6. Similar results are
obtained closer to the stratopause, at 50 km, but the
enhancements are about 25% larger. We present results
for 45 km because it is more likely that NOx reaching this
altitude will have long-lasting effects on stratospheric
ozone. Interannual variations in the SH HALOE data are
quantified in more detail in section 3. For reference, note
that the extraordinary peak values of NOx measured by

HALOE in the NH during April 2004 were around 70 ppbv
[Natarajan et al., 2004].

2.2. Polar Winter NOx Evolution From ACE and
POAM

[12] Because of its latitude excursions, the HALOE data
only provide a sporadic, snapshot view of the polar region.
To understand more completely the seasonal evolution of
the EPP IE that leads to the CH4/NOx correlations seen in
Figure 1, measurements from instruments that sample the
polar regions more often are required. The Michelson
Interferometer for Passive Atmospheric Sounding (MIPAS)
makes global measurements of many atmospheric constitu-
ents on a daily basis. Funke et al. [2005] (hereinafter
referred to as F05) showed the progression of MIPAS
NOx mixing ratios at high southern latitudes in the strato-
sphere and lower mesosphere during the 2003 SH winter,
clearly indicating descent of EPP-NOx in the polar vortex
that winter. They concluded that the source of the EPP-NOx

was precipitating electrons with energy less than 30 keV
from either the outer trapping region or from auroral events.

Figure 1. Correlation between CH4 and NOx at 45 km for all individual HALOE measurements
poleward of 40�S, color-coded by month from May through September, in the years denoted at the top of
each panel.

Figure 2. Daily average latitudes of HALOE measure-
ments depicted in Figure 1.
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