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View to the coupled system - 
Sun-magnetosphere-ionosphere-upper & middle atmosphere

NASA
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Limb measurements have given us important 
insights to the polar winter middle atmosphere…

ACE NH polar observations 
seen in Chris Boone’s 

invited talk.

Energetic Particle 
Precipitation vs. 

meteorology in NOx 
production.

Randall et al., 2007, 2009

EPP-NOx production in SH

EPP + MET

MET

MET
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Ozone important to temperature 
and dynamics

Link to climate 
variability?

NOx and HOx gases cause catalytic 
ozone destruction

2(NO + O3) → 2(NO2+ O2)
NO2 + hν → NO + O
NO2 + O → NO + O2

Total: 2O3 → 3O2

Ionisation leads to production of NOx and 
short-lived HOx through ion chemistry

NOx (NO + NO2) 
chemical lifetime months 
during polar winter → 

descent to stratosphere

Energetic particle precipitation (EPP) and the 
atmosphere

Particle precipitation into the middle 
atmosphere (30 - 100 km) increases ionisation

Proton and electron 
precipitation, SPEs, REP, etc.
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Satellite Observations:
Envisat satellite

• ESA’s Earth Observation satellite

• Launched March 2002

• 10 instruments studying the 
atmosphere, seas, land and ice

• Instruments measuring atmospheric 
composition: GOMOS, MIPAS and 
SCIAMACHY

• This talk contains observations from 
GOMOS!

The

Compulsory 
Envisat s

lid
e
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GOMOS/Envisat
Global Ozone Monitoring by Occultation of Stars

• Stellar occultation instrument: measures 
attenuation of light from a star as it is 
absorbed in the atmosphere. Not using the 
Sun as light source enables measuring 
atmospheric composition during the night.

• Nighttime vertical profiles of O3 and NO2 
used.

1

2

• Solar occultation → daytime measurements. These complement the GOMOS 
nighttime observations!

• Vertical profiles of O3 and NO2 between about 10 and 60 km used.

POAM III: Polar Ozone and Aerosol Measurement
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Sometimes satellites don’t reach high enough (or are not in 
the right place at the right time)!
Observing the high altitudes from the ground - VLF

• Very Low Frequency (VLF) radio signals 
transmitted from the ground are 
reflected from the lower ionosphere.

• Changes in the ionisation levels of the 
mesosphere-lower thermosphere 
region lead to changes in the VLF 
signals. 

• Ionisation of NO in mesosphere by 
Lyman-α also affects VLF propagation.

• An index provided by the difference 
between the average daytime 
amplitude of the received signal and 
the average night-time amplitude 
identifies the presence of ionisation 
caused by either precipitating protons/
electrons or enhanced levels of NO. → 
Can be used to detect enhanced levels 
of NO in the upper mesosphere-lower 
thermosphere. 

Antarctic-Arctic Radiation-belt Dynamic 
Deposition VLF Atmospheric Research Konsortia 

(AARDDVARK) has a network of VLF receivers 
around the world monitoring the polar areas. 

Ionisation 
signatures 
across the 
Northern polar 
cap area. Polar 
winter 
2003-2004.

SPE

Signature from
Enhanced NO

Clilverd, et al. (2007), Temporal variability of the descent of high-
altitude NOx. J. Geophys. Res.
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How we estimate particle input to the 
Atmosphere?
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• High energy Solar Protons (Solar Proton 
Events) observed from geostationary orbit 
(GOES-satellites). SPEs are sporadic.

• How to estimate fluxes of medium and high 
energy electrons (electrons from radiation 
belts, auroral particles,...)?

• This precipitation can be considered 
almost ever present.

• Variety of geomagnetic indices available.

• Which one would best represent the 
level of particle precipitation?

• The Ap index often used for atmospheric 
chemistry purposes. (This does not mean 
that it’s ideal!)

• We will use the average wintertime Ap (NH: 
Nov-Jan, SH: May-Jul) as a proxy for particle 
precipitation levels.

Seppälä, et al. (2007),  Arctic and Antarctic polar winter NOx and 
energetic particle precipitation in 2002-2006. Geophys. Res. Lett.,.
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Geomagnetic activity variation vs. solar cycle 
variation

Geomagnetic activity level

Yearly mean Sunspot NumberF10.7
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Polar winter NOx and Ozone - NH

• GOMOS polar night NOx and O3 observations from Envisat satellite.

• 30 - 70 km, high polar latitudes > 60°N/S
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Polar winter NOx and Ozone - SH

• GOMOS polar night NOx and O3 observations from Envisat satellite.

• 30 - 70 km, high polar latitudes > 60°N/S
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Upper Stratospheric NOx - Ap

• Calculate the total amount of NOx 
in the upper stratosphere (46-56 
km).

• Average winter time geomagnetic 
activity level.

• Allow 1 month lag between Ap 
and NOx for possible descent 
effects.

• A nearly linear relationship 
between geomagnetic activity 
and NOx levels on both 
hemispheres.

Seppälä, et al. (2007),  Arctic and Antarctic polar winter NOx and 
energetic particle precipitation in 2002-2006. Geophys. Res. Lett.,.
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Case study: Different Forms of Solar/Particle NOx 
Production. Oct 2003 - May 2004

• We can identify 4 events.

• Event 1: Halloween Solar Proton 
Events 2003

• Event 2: Energetic electron and 
auroral precipitation from 
Halloween storms and small 
events afterwards

• Event 3: Descend of 
thermospheric (aurorally 
produced) NOx

• Event 4: Geomagnetic storms & 
Relativistic Electron Precipitation

• NOx descent from Events 3 & 4 
seen in the POAM NO2 until May 
2004

GOMOS NO2 night POAM III NO2 day

Radio 
wave
Index: 
NO at 
70-90 km
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Seppälä, et al. (2007), NOx enhancements in the middle atmosphere 
during 2003-2004 polar winter: The relative significance of Solar 
Proton Events and the Aurora as a source. J. Geophys. Res., 112, 
D23303,
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Seppälä, et al. (2007), NOx enhancements in the middle atmosphere 
during 2003-2004 polar winter: The relative significance of Solar 
Proton Events and the Aurora as a source. J. Geophys. Res., 112, 
D23303,

model (version 2.27) [Tobiska et al., 2000]. The scattered
component of solar Lyman-a flux is included using the
empirical approximation given by Thomas and Bowman
[1986]. The SIC code includes vertical transport [Chabrillat
et al., 2002] which takes into account molecular [Banks and
Kockarts, 1973] and eddy diffusion with a fixed eddy
diffusion coefficient profile. The background neutral atmo-
sphere is calculated using the MSISE-90 model [Hedin,
1991] and tables given by Shimazaki [1984]. Transport and
chemistry are advanced in intervals of 5 or 15 min. While
within each interval exponentially increasing time steps are
used because of the wide range of chemical time constants
of the modeled species.
[22] In reality the method used here was one of iteration,

with a general target of keeping assumptions to a minimum.
Initially a simple energy spectrum for the electron precip-
itation is assumed, along with a precipitation flux. Then the
altitude-dependent ionization rate is calculated making use
of the expressions given by Rees [1989, chap. 3], with
effective electron ranges taken from Goldberg and Jackman
[1984]. Finally we ran the SIC model with the ionization
rates imposed to determine the amount of NOx that would
be generated by that amount of ionization. As a result of this

iterative process, we identified that the ionization rate
profile from a monoenergetic beam of 1.25 MeV electrons
with a flux of 0.3 ! 106 el cm"2 sr"1 s"1 keV"1 was able to
reproduce the GOMOS observations. Figure 6 shows the
ionization rate profile from the final electron beam param-
eters. The energy of the electrons strongly defines the
altitude of the peak ionization rate, although it should be
noted that substantial ionization occurs at altitudes above
the peak even with a monoenergetic beam, because of
scattering on the way through the atmosphere. For compar-
ison we also show the ionization rate profile generated by
the spectrum shown in Figure 3 (18 May 1992, 2247 UT) of
Gaines et al. [1995] and discussed by Turunen et al. [2009],
but with the fluxes multiplied by a factor of 15. The
resultant ionization rate profile is very similar to the
monoenergetic beam apart from an increased contribution
at #15 km due to the #5 MeV electrons in the Gaines et al.
[1995] spectra.
[23] The concentration of NO2 in the altitude range 40–

70 km is shown in Figure 7. NO2 was generated by
imposing the ionization rates from either the monoenergetic
beam of 1.25 MeV electrons, or the enhanced Gaines et al.
[1995] spectra, on the SIC calculations made at 70!N, 0!E

Figure 5. (top) Showing the variation in the latitude range 65–75!N of the NO2 mixing ratio with
altitude during three selected periods during February 2004. The blue line represents observations made
before the onset of the geomagnetic storm period, the green line is during the geomagnetic storm, and the
red line is after the end of the storm. (bottom) The 2-day average mixing ratio (circles) at the peak of the
descending NOx feature (squares represent the altitude of the peak), measured during January and
February. There was a gradual increase in mixing ratio from low levels at the start of January, leveling off
at #150 ppbv between 22 January and 5 February, then increasing from 14 February, leveling off again at
#300 ppbv by the end of the month, consistent with Figure 5 (top).

A04305 CLILVERD ET AL.: REP-INDUCED NOx

8 of 11

A04305

Descending NOx

Relativistic Electron 
Precipitation adds to

descending NOx

NOx ppbv at the peak

Altitude of the peak
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Case study: Different Forms of Solar/Particle NOx 
Production. Ozone response

• GOMOS > 65ºN nighttime O3

• POAM III > 55ºN daytime O3 → Diurnal variation in the 
mesosphere

GOMOS O3 POAM III O3

3&4

1&2

Seppälä, et al. (2007), NOx enhancements in the middle atmosphere 
during 2003-2004 polar winter: The relative significance of Solar 
Proton Events and the Aurora as a source. J. Geophys. Res., 112, 
D23303,
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Seppälä, et al. (2009), Geomagnetic activity and polar surface air 
temperature variability, J. Geophys. Res., 2009

Signatures in Surface Air Temperatures (ERA-40 and NCEP)

Seasonal differences for years with high vs. low levels of Particle Precipitation More stable atmosphere



Summary

• The impacts of Solar Storms to the polar winter atmosphere were observed 
from GOMOS nighttime measurements.

• First observations of stratospheric and mesospheric NOx and Ozone during the polar 
winter.

• Large increases in NOx and simultaneous significant Ozone loss lasting several weeks.

• Similar effects observed during several polar winters on both Northern and 
Southern polar regions. 

• The chemical changes induced by particle precipitation from Solar Storms are 
important to the Ozone balance of the atmosphere.

• Is particle precipitation linked to variability in surface temperatures? More work needed.

• Limb measurements have provided important information about the effects of 
particle precipitation into the polar winter middle atmosphere. There are still 
open questions. What about future?



Mesosphere - Lower Thermosphere
NOx

EPP

NOx

European 
Commission

Is there a link between Solar forcing of the upper atmosphere and climate?
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