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February is due to the limited latitudinal coverage of the in-
strument (Figure 1): At this time, ACE-FTS was measuring
at lower latitudes where the solar illumination and polar vor-
tex conditions are already different to those farther in north. A
similar effect is seen also in early February to mid-February
2012 (Figures 3a, bottom, and 3b, bottom).
[19] In 2012, a strong minor SSW took place in mid-

January (14 January), i.e., earlier than the major SSW in
2009, and the CNAM indices (Figure 2) show descent of
mesospheric air down to about 45 km by the end of March.
A similar descent is seen in the ACE-FTS NOx observations
(Figures 3a, bottom, and 3b, bottom): Elevated amounts of
NOx reach altitudes of even 40 km by mid-March.
Compared to the descent in 2009, the descent rates in 2012
were moderate (see section 4.1). However, lower altitudes
were affected because the SSW, which started the descent
event, occurred earlier than in 2009. In addition to the favor-
able dynamical conditions aiding the NOx descent, there were
several SPEs in early 2012, enabling in situ production of

NOx in the mesosphere and upper stratosphere. First, two
SPEs took place in January (starting on 23 and 27 January).
The >10MeV proton fluxes, which will impact altitudes of
about 70 km and below [Turunen et al., 2009],were elevated
for 9 days from the start of the first event, before returning to
pre-SPE levels. It should be noted that the proton precipita-
tion levels at lower energies were, in fact, elevated before
the SPE, from 20 January. The peak >10MeV proton flux
was measured at 6310 pfu (particle flux unit, particles
cm!2 s!1 sr!1), making the event comparable with the
January 2005 event (pfu of 5040; see Seppälä et al.
[2006]). Another two SPEs took place in March (7 and 13
March), again with elevated precipitation starting earlier (5
March). The March events were comparable with the
January events with a peak >10MeV proton flux measured
at 6530 pfu and a total duration from the start of the first
SPE to return to pre-SPE levels taking 9 days.
[20] The ACE-FTS observations show NOx descent

already a couple of days after the SSW and a sudden, up to
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Figure 3. (a) NOx mixing ratio (ppbv) and (b) change in NOx (%) relative to the January–March mean in
2007–2008 calculated from ACE-FTS observations. For all figures, the observations shown are northward
of 60"N in early 2005 ((a) and (b) top panels), 2009 (middle panels), and 2012 (bottom panels). The white
dashed lines indicate the time points of the observed SPEs and the red solid lines the observed SSWs during
these years.

PÄIVÄRINTA ET AL.: SPEs AND SSWs—NOx AND O3

6841

February is due to the limited latitudinal coverage of the in-
strument (Figure 1): At this time, ACE-FTS was measuring
at lower latitudes where the solar illumination and polar vor-
tex conditions are already different to those farther in north. A
similar effect is seen also in early February to mid-February
2012 (Figures 3a, bottom, and 3b, bottom).
[19] In 2012, a strong minor SSW took place in mid-

January (14 January), i.e., earlier than the major SSW in
2009, and the CNAM indices (Figure 2) show descent of
mesospheric air down to about 45 km by the end of March.
A similar descent is seen in the ACE-FTS NOx observations
(Figures 3a, bottom, and 3b, bottom): Elevated amounts of
NOx reach altitudes of even 40 km by mid-March.
Compared to the descent in 2009, the descent rates in 2012
were moderate (see section 4.1). However, lower altitudes
were affected because the SSW, which started the descent
event, occurred earlier than in 2009. In addition to the favor-
able dynamical conditions aiding the NOx descent, there were
several SPEs in early 2012, enabling in situ production of

NOx in the mesosphere and upper stratosphere. First, two
SPEs took place in January (starting on 23 and 27 January).
The >10MeV proton fluxes, which will impact altitudes of
about 70 km and below [Turunen et al., 2009],were elevated
for 9 days from the start of the first event, before returning to
pre-SPE levels. It should be noted that the proton precipita-
tion levels at lower energies were, in fact, elevated before
the SPE, from 20 January. The peak >10MeV proton flux
was measured at 6310 pfu (particle flux unit, particles
cm!2 s!1 sr!1), making the event comparable with the
January 2005 event (pfu of 5040; see Seppälä et al.
[2006]). Another two SPEs took place in March (7 and 13
March), again with elevated precipitation starting earlier (5
March). The March events were comparable with the
January events with a peak >10MeV proton flux measured
at 6530 pfu and a total duration from the start of the first
SPE to return to pre-SPE levels taking 9 days.
[20] The ACE-FTS observations show NOx descent

already a couple of days after the SSW and a sudden, up to
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Figure 3. (a) NOx mixing ratio (ppbv) and (b) change in NOx (%) relative to the January–March mean in
2007–2008 calculated from ACE-FTS observations. For all figures, the observations shown are northward
of 60"N in early 2005 ((a) and (b) top panels), 2009 (middle panels), and 2012 (bottom panels). The white
dashed lines indicate the time points of the observed SPEs and the red solid lines the observed SSWs during
these years.
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February is due to the limited latitudinal coverage of the in-
strument (Figure 1): At this time, ACE-FTS was measuring
at lower latitudes where the solar illumination and polar vor-
tex conditions are already different to those farther in north. A
similar effect is seen also in early February to mid-February
2012 (Figures 3a, bottom, and 3b, bottom).
[19] In 2012, a strong minor SSW took place in mid-

January (14 January), i.e., earlier than the major SSW in
2009, and the CNAM indices (Figure 2) show descent of
mesospheric air down to about 45 km by the end of March.
A similar descent is seen in the ACE-FTS NOx observations
(Figures 3a, bottom, and 3b, bottom): Elevated amounts of
NOx reach altitudes of even 40 km by mid-March.
Compared to the descent in 2009, the descent rates in 2012
were moderate (see section 4.1). However, lower altitudes
were affected because the SSW, which started the descent
event, occurred earlier than in 2009. In addition to the favor-
able dynamical conditions aiding the NOx descent, there were
several SPEs in early 2012, enabling in situ production of

NOx in the mesosphere and upper stratosphere. First, two
SPEs took place in January (starting on 23 and 27 January).
The >10MeV proton fluxes, which will impact altitudes of
about 70 km and below [Turunen et al., 2009],were elevated
for 9 days from the start of the first event, before returning to
pre-SPE levels. It should be noted that the proton precipita-
tion levels at lower energies were, in fact, elevated before
the SPE, from 20 January. The peak >10MeV proton flux
was measured at 6310 pfu (particle flux unit, particles
cm!2 s!1 sr!1), making the event comparable with the
January 2005 event (pfu of 5040; see Seppälä et al.
[2006]). Another two SPEs took place in March (7 and 13
March), again with elevated precipitation starting earlier (5
March). The March events were comparable with the
January events with a peak >10MeV proton flux measured
at 6530 pfu and a total duration from the start of the first
SPE to return to pre-SPE levels taking 9 days.
[20] The ACE-FTS observations show NOx descent

already a couple of days after the SSW and a sudden, up to
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Figure 3. (a) NOx mixing ratio (ppbv) and (b) change in NOx (%) relative to the January–March mean in
2007–2008 calculated from ACE-FTS observations. For all figures, the observations shown are northward
of 60"N in early 2005 ((a) and (b) top panels), 2009 (middle panels), and 2012 (bottom panels). The white
dashed lines indicate the time points of the observed SPEs and the red solid lines the observed SSWs during
these years.
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February is due to the limited latitudinal coverage of the in-
strument (Figure 1): At this time, ACE-FTS was measuring
at lower latitudes where the solar illumination and polar vor-
tex conditions are already different to those farther in north. A
similar effect is seen also in early February to mid-February
2012 (Figures 3a, bottom, and 3b, bottom).
[19] In 2012, a strong minor SSW took place in mid-

January (14 January), i.e., earlier than the major SSW in
2009, and the CNAM indices (Figure 2) show descent of
mesospheric air down to about 45 km by the end of March.
A similar descent is seen in the ACE-FTS NOx observations
(Figures 3a, bottom, and 3b, bottom): Elevated amounts of
NOx reach altitudes of even 40 km by mid-March.
Compared to the descent in 2009, the descent rates in 2012
were moderate (see section 4.1). However, lower altitudes
were affected because the SSW, which started the descent
event, occurred earlier than in 2009. In addition to the favor-
able dynamical conditions aiding the NOx descent, there were
several SPEs in early 2012, enabling in situ production of

NOx in the mesosphere and upper stratosphere. First, two
SPEs took place in January (starting on 23 and 27 January).
The >10MeV proton fluxes, which will impact altitudes of
about 70 km and below [Turunen et al., 2009],were elevated
for 9 days from the start of the first event, before returning to
pre-SPE levels. It should be noted that the proton precipita-
tion levels at lower energies were, in fact, elevated before
the SPE, from 20 January. The peak >10MeV proton flux
was measured at 6310 pfu (particle flux unit, particles
cm!2 s!1 sr!1), making the event comparable with the
January 2005 event (pfu of 5040; see Seppälä et al.
[2006]). Another two SPEs took place in March (7 and 13
March), again with elevated precipitation starting earlier (5
March). The March events were comparable with the
January events with a peak >10MeV proton flux measured
at 6530 pfu and a total duration from the start of the first
SPE to return to pre-SPE levels taking 9 days.
[20] The ACE-FTS observations show NOx descent

already a couple of days after the SSW and a sudden, up to
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Figure 3. (a) NOx mixing ratio (ppbv) and (b) change in NOx (%) relative to the January–March mean in
2007–2008 calculated from ACE-FTS observations. For all figures, the observations shown are northward
of 60"N in early 2005 ((a) and (b) top panels), 2009 (middle panels), and 2012 (bottom panels). The white
dashed lines indicate the time points of the observed SPEs and the red solid lines the observed SSWs during
these years.
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February is due to the limited latitudinal coverage of the in-
strument (Figure 1): At this time, ACE-FTS was measuring
at lower latitudes where the solar illumination and polar vor-
tex conditions are already different to those farther in north. A
similar effect is seen also in early February to mid-February
2012 (Figures 3a, bottom, and 3b, bottom).
[19] In 2012, a strong minor SSW took place in mid-

January (14 January), i.e., earlier than the major SSW in
2009, and the CNAM indices (Figure 2) show descent of
mesospheric air down to about 45 km by the end of March.
A similar descent is seen in the ACE-FTS NOx observations
(Figures 3a, bottom, and 3b, bottom): Elevated amounts of
NOx reach altitudes of even 40 km by mid-March.
Compared to the descent in 2009, the descent rates in 2012
were moderate (see section 4.1). However, lower altitudes
were affected because the SSW, which started the descent
event, occurred earlier than in 2009. In addition to the favor-
able dynamical conditions aiding the NOx descent, there were
several SPEs in early 2012, enabling in situ production of

NOx in the mesosphere and upper stratosphere. First, two
SPEs took place in January (starting on 23 and 27 January).
The >10MeV proton fluxes, which will impact altitudes of
about 70 km and below [Turunen et al., 2009],were elevated
for 9 days from the start of the first event, before returning to
pre-SPE levels. It should be noted that the proton precipita-
tion levels at lower energies were, in fact, elevated before
the SPE, from 20 January. The peak >10MeV proton flux
was measured at 6310 pfu (particle flux unit, particles
cm!2 s!1 sr!1), making the event comparable with the
January 2005 event (pfu of 5040; see Seppälä et al.
[2006]). Another two SPEs took place in March (7 and 13
March), again with elevated precipitation starting earlier (5
March). The March events were comparable with the
January events with a peak >10MeV proton flux measured
at 6530 pfu and a total duration from the start of the first
SPE to return to pre-SPE levels taking 9 days.
[20] The ACE-FTS observations show NOx descent

already a couple of days after the SSW and a sudden, up to
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Figure 3. (a) NOx mixing ratio (ppbv) and (b) change in NOx (%) relative to the January–March mean in
2007–2008 calculated from ACE-FTS observations. For all figures, the observations shown are northward
of 60"N in early 2005 ((a) and (b) top panels), 2009 (middle panels), and 2012 (bottom panels). The white
dashed lines indicate the time points of the observed SPEs and the red solid lines the observed SSWs during
these years.
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800% increase in NOx mixing ratios above altitudes of about
50 km, with a 50–100% increase below 50 km, right after the
first SPE (Figure 3b, bottom). The second proton event in late
January seemed to have less of an effect on the already ele-
vated NOx levels. The first SPE in March, on the other hand,
increased the amount of NOx rapidly from 80 km down to
even 40 km with a magnitude comparable to the first event
in January, whereas the final SPE in mid-March caused an in-
crease of 50–100% mainly between 40 and 45 km.
[21] Figure 4 compares the overall effects of particle

precipitation activity and atmospheric dynamical processes
on NOx (Dobson unit, DU) around the stratopause between

46 and 56 km for years 2005–2012. The dashed lines show
the onset times for SPEs and SSWs in 2005, 2009, and 2012.
The figure shows that the amount of NOx in the middle atmo-
sphere in March is higher (>0.005 DU) during years with
SSW events (2006, 2009, and 2012) than in dynamically
nonactive years. These SSWs took place around January, but
the effect on NOx at stratopause altitudes is seen with a delay.
This demonstrates the time needed for NOx to descend from
mesospheric altitudes down to the stratosphere inside the polar
vortex. On the other hand, the NOx increments due to SPEs are
visible immediately after the events in January 2005 and
January and March 2012. The changes in NOx after these
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Figure 4. Two day mean NOx column (DU) for altitude range 46–56 km calculated from ACE-FTS
observations for the polar cap region (60!N–90!N). The dashed lines show the time points for SPEs (P)
and SSWs (W) during 2005 (05), 2009 (09), and 2012 (12).
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Figure 5. ACE-FTS observations of the change in O3 (%) relative to the January–Marchmean in 2007–2008
northward of 60!N in (top) 2005, (middle) 2009, and (bottom) 2012. The white dashed lines indicate the time
points of the observed SPEs and the red solid lines the observed SSWs during these years.
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800% increase in NOx mixing ratios above altitudes of about
50 km, with a 50–100% increase below 50 km, right after the
first SPE (Figure 3b, bottom). The second proton event in late
January seemed to have less of an effect on the already ele-
vated NOx levels. The first SPE in March, on the other hand,
increased the amount of NOx rapidly from 80 km down to
even 40 km with a magnitude comparable to the first event
in January, whereas the final SPE in mid-March caused an in-
crease of 50–100% mainly between 40 and 45 km.
[21] Figure 4 compares the overall effects of particle

precipitation activity and atmospheric dynamical processes
on NOx (Dobson unit, DU) around the stratopause between

46 and 56 km for years 2005–2012. The dashed lines show
the onset times for SPEs and SSWs in 2005, 2009, and 2012.
The figure shows that the amount of NOx in the middle atmo-
sphere in March is higher (>0.005 DU) during years with
SSW events (2006, 2009, and 2012) than in dynamically
nonactive years. These SSWs took place around January, but
the effect on NOx at stratopause altitudes is seen with a delay.
This demonstrates the time needed for NOx to descend from
mesospheric altitudes down to the stratosphere inside the polar
vortex. On the other hand, the NOx increments due to SPEs are
visible immediately after the events in January 2005 and
January and March 2012. The changes in NOx after these
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Figure 4. Two day mean NOx column (DU) for altitude range 46–56 km calculated from ACE-FTS
observations for the polar cap region (60!N–90!N). The dashed lines show the time points for SPEs (P)
and SSWs (W) during 2005 (05), 2009 (09), and 2012 (12).
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Figure 5. ACE-FTS observations of the change in O3 (%) relative to the January–Marchmean in 2007–2008
northward of 60!N in (top) 2005, (middle) 2009, and (bottom) 2012. The white dashed lines indicate the time
points of the observed SPEs and the red solid lines the observed SSWs during these years.
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800% increase in NOx mixing ratios above altitudes of about
50 km, with a 50–100% increase below 50 km, right after the
first SPE (Figure 3b, bottom). The second proton event in late
January seemed to have less of an effect on the already ele-
vated NOx levels. The first SPE in March, on the other hand,
increased the amount of NOx rapidly from 80 km down to
even 40 km with a magnitude comparable to the first event
in January, whereas the final SPE in mid-March caused an in-
crease of 50–100% mainly between 40 and 45 km.
[21] Figure 4 compares the overall effects of particle

precipitation activity and atmospheric dynamical processes
on NOx (Dobson unit, DU) around the stratopause between

46 and 56 km for years 2005–2012. The dashed lines show
the onset times for SPEs and SSWs in 2005, 2009, and 2012.
The figure shows that the amount of NOx in the middle atmo-
sphere in March is higher (>0.005 DU) during years with
SSW events (2006, 2009, and 2012) than in dynamically
nonactive years. These SSWs took place around January, but
the effect on NOx at stratopause altitudes is seen with a delay.
This demonstrates the time needed for NOx to descend from
mesospheric altitudes down to the stratosphere inside the polar
vortex. On the other hand, the NOx increments due to SPEs are
visible immediately after the events in January 2005 and
January and March 2012. The changes in NOx after these
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Figure 4. Two day mean NOx column (DU) for altitude range 46–56 km calculated from ACE-FTS
observations for the polar cap region (60!N–90!N). The dashed lines show the time points for SPEs (P)
and SSWs (W) during 2005 (05), 2009 (09), and 2012 (12).
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Figure 5. ACE-FTS observations of the change in O3 (%) relative to the January–Marchmean in 2007–2008
northward of 60!N in (top) 2005, (middle) 2009, and (bottom) 2012. The white dashed lines indicate the time
points of the observed SPEs and the red solid lines the observed SSWs during these years.
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800% increase in NOx mixing ratios above altitudes of about
50 km, with a 50–100% increase below 50 km, right after the
first SPE (Figure 3b, bottom). The second proton event in late
January seemed to have less of an effect on the already ele-
vated NOx levels. The first SPE in March, on the other hand,
increased the amount of NOx rapidly from 80 km down to
even 40 km with a magnitude comparable to the first event
in January, whereas the final SPE in mid-March caused an in-
crease of 50–100% mainly between 40 and 45 km.
[21] Figure 4 compares the overall effects of particle

precipitation activity and atmospheric dynamical processes
on NOx (Dobson unit, DU) around the stratopause between

46 and 56 km for years 2005–2012. The dashed lines show
the onset times for SPEs and SSWs in 2005, 2009, and 2012.
The figure shows that the amount of NOx in the middle atmo-
sphere in March is higher (>0.005 DU) during years with
SSW events (2006, 2009, and 2012) than in dynamically
nonactive years. These SSWs took place around January, but
the effect on NOx at stratopause altitudes is seen with a delay.
This demonstrates the time needed for NOx to descend from
mesospheric altitudes down to the stratosphere inside the polar
vortex. On the other hand, the NOx increments due to SPEs are
visible immediately after the events in January 2005 and
January and March 2012. The changes in NOx after these
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Figure 4. Two day mean NOx column (DU) for altitude range 46–56 km calculated from ACE-FTS
observations for the polar cap region (60!N–90!N). The dashed lines show the time points for SPEs (P)
and SSWs (W) during 2005 (05), 2009 (09), and 2012 (12).
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Figure 5. ACE-FTS observations of the change in O3 (%) relative to the January–Marchmean in 2007–2008
northward of 60!N in (top) 2005, (middle) 2009, and (bottom) 2012. The white dashed lines indicate the time
points of the observed SPEs and the red solid lines the observed SSWs during these years.
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• SPEs and SSWs both have effects on the upper and middle atmospheres 
(40-90 km) 

the amount of NOx was increased by a factor of 1-25 

both short-term and long-term ozone losses of the order of 10-90 % 
were observed 

• largest mesospheric NOx changes were observed in 2009 (SSW) 

• largest stratospheric NOx changes in 2012  (SPEs + SSW) 

• optimal conditions (dynamics + production)  ≠ NOx -dominated effect on ozone 

• measurements during periods of active Sun 

Päivärinta et al., 2013: Observed effects of solar proton events and sudden stratospheric warmings on odd nitrogen 
and ozone in the polar middle atmosphere, J. Geophys. Res. Atmos., 118, 6837–6848, doi:10.1002/jgrd.50486 

Conclusions



Thank you!
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