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K. Pérot, J. Urban, and D. P. Murtagh

Chalmers University of Technology, Department of Earth and Space Sciences, Gothenburg, Sweden

Correspondence to: K. Pérot
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Abstract. The middle atmosphere has been affected by an

exceptionally strong midwinter stratospheric sudden warm-

ing (SSW) during the Arctic winter 2012/2013. These un-

usual meteorological conditions led to a breakdown of the

polar vortex, followed by the reformation of a strong upper5

stratospheric vortex associated with particularly efficient de-

scent of air. Measurements by the Sub-Millimetre Radiome-

ter (SMR), on board the Odin satellite, show that very large

amounts of nitric oxide (NO), produced by Energetic Particle

Precipitation (EPP) in the mesosphere / lower thermosphere10

(MLT), could thus enter the polar stratosphere in early 2013.

The mechanism referring to the downward transport of EPP

generated-NOx during winter is generally called the EPP

indirect effect. SMR observed up to 20 times more NO in

the upper stratosphere than the average NO measured at the15

same latitude, pressure and time during three previous win-

ters where no mixing between mesospheric and stratospheric

air was noticeable. This event turned out to be the strongest in

the aeronomy-only period of SMR (2007-present). Our study

is based on a comparison with the Arctic winter 2008/2009,20

when a similar situation was observed. This outstanding sit-

uation is the result of the combination between a relatively

high geomagnetic activity and an unusually high dynamical

activity, which makes this case a prime example to study the

EPP impacts on the atmospheric composition.25

1 Introduction

Energetic Particle Precipitation (EPP) refers to the process

by which energetic protons and electrons affect the Earth’s

middle atmosphere. It leads, amongst other things, to the30

production of nitric oxide (NO) in the high latitude meso-

sphere and lower thermosphere (MLT) via a cascade of disso-

ciation, ionization and recombination processes (e.g., Rusch

et al., 1981). In the polar lower thermosphere and uppermost

mesosphere, NO is mainly produced by precipitation of low-35

energy (auroral) electrons (energy < 30 keV) and protons

(energy < 1 MeV) (Thorne, 1980). Regular precipitation of

medium energy electrons (30-300 keV) results in nitric oxide

production at mesospheric altitudes (Codrescu et al., 1997),

but the interaction between these particles and the Earth’s at-40

mosphere is not yet well understood. NO generated by EPP

is referred to as EPP-NO. Its photochemical lifetime is only

a few days in the sunlit mesosphere. However, in winter po-

lar night conditions, NO has a lifetime long enough to be

transported down to the stratosphere by the meridional cir-45

culation without being photochemically destroyed. As it de-

scends in the polar region, NO is partly converted to nitrogen

dioxide (NO2). They form together the NOx chemical fam-

ily which is involved in catalytic ozone (O3) destruction and

plays an important role in atmospheric chemistry (Solomon50

et al., 1982). The descent of NOx from the MLT to the strato-

sphere is generally called the EPP indirect effect (EPP IE).

It has already been described by a number of authors (e.g.,

Siskind et al., 2000; Funke et al., 2005; Randall et al., 1998,

2009).55

This mechanism is controlled both by space weather and

middle atmosphere dynamics. It depends on the EPP-NOx

production level, itself linked to solar activity. Auroral parti-

cles, which represent one of the main sources of NO in the

MLT, are trapped into the magnetospheric field lines. When60

the geomagnetic field is disturbed by high-speed solar wind

or solar coronal mass ejections, these energetic particles can

reach the atmosphere and generate large amounts of NO in

the polar regions. It has been shown that the Ap index, which

is a proxy for geomagnetic activity over the globe, is cor-65

related with the auroral NO production in the absence of

unusual dynamics (e.g., Randall et al., 2007; Sheese et al.,

2011). Energetic particle precipitation represents therefore
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an important solar-terrestrial coupling mechanism. The EPP

indirect effect is also strongly linked to transport. This sec-70

ond factor plays an important role, especially in the north-

ern hemisphere (NH) where dynamical variability is higher

than in the south (Randall et al., 2007). Exceptional dynam-

ical conditions can lead to surprisingly strong EPP IE. Such

a situation has been observed several times during the last75

decade. Using Odin/Sub-Millimetre Radiometer (SMR) data

over the period 2001-2009, Orsolini et al. (2010) presented

evidence for an anomalously strong descent of mesospheric

air into the upper stratosphere in the Arctic region in three

winters over the 8 analyzed years. The 2008/2009 NH po-80

lar winter in particular was characterized by an unusually

strong and persistent midwinter stratospheric sudden warm-

ing (SSW) (Labitzke et al., 2009; Manney et al., 2009). SSW

is a phenomenon that takes its name from a rapid temper-

ature increase of several tens of Kelvin over a few days at85

high latitude. It is triggered by planetary scale wave motions

propagating upward from the troposphere. They break when

reaching the stratosphere, releasing their energy and disturb-

ing the polar vortex. It is important to highlight that only mid-

winter warmings are considered in this study. For that kind of90

events, a coherent stratospheric polar vortex is reestablished,

contrary to final warmings that cause the definitive break-

down of the vortex at the end of the winter. The 2009 SSW

event was characterized by a full breakdown of the vortex,

followed by the reformation of a strong upper stratospheric95

vortex associated with very efficient descent of air. Randall

et al. (2009) showed that very large amounts of NOx could

thus enter the stratosphere despite a level of geomagnetic ac-

tivity well below average, which clearly demonstrates the im-

portance of dynamical modulations of EPP IE.100

It will be shown in this paper that the 2012/2013 polar

winter has also been affected by an exceptionally strong mid-

winter SSW followed by an elevated stratopause (ES) event.

Unusually large amounts of EPP-generated NO have been

transported downward into the Arctic stratosphere and lower105

mesosphere in early 2013. The purpose of this work is to

describe this event, based on the analysis of Odin/SMR ob-

servations, and to present a basic comparison with the case of

2009 which was so far considered as a record-breaking win-

ter in terms of stratospheric warming (Labitzke et al., 2009;110

Manney et al., 2009; Randall et al., 2009). The concentra-

tion of nitric oxide is an important quantity to monitor since

this species is involved in O3 depletion, which plays a crucial

role in atmospheric chemistry. The results presented here can

contribute to a better understanding of its variability. They115

will be described in Sect. 2 and discussed in Sect. 3.

2 Results

2.1 The Sub-Millimetre Radiometer

Odin is a small Swedish-led research satellite, in coopera-

tion with the Canadian, French and Finnish space agencies,120

launched in 2001 (Murtagh et al., 2002). It was initially dedi-

cated to aeronomy and astronomy, but is only used for aeron-

omy observations since April 2007. It is also an European

Space Agency (ESA) third party mission since the same year.

The Sub-Millimetre Radiometer is one of the instruments125

aboard Odin. It is a limb emission sounder measuring glob-

ally a variety of trace gases as well as temperature in the

whole middle atmosphere. The work presented in this paper

is based on the measurements performed by this instrument.

Water vapour (H2O) is retrieved from a strong thermal emis-130

sion line at 557 GHz, providing information from ∼40 to

∼100 km with an altitude resolution of about 3 km. Temper-

ature data are derived simultaneously from the same band in

the∼40-90 km altitude range. Retrieval and error analysis for

these measurements, as well as a comparison study with mea-135

surements from ACE-FTS, are described in detail by Lossow

et al. (2007). SMR temperature and water vapour derived

from this channel were used, for example, by Orsolini et al.

(2010) to study the dynamics of the polar middle atmosphere.

SMR also observes NO thermal emission lines in a band cen-140

tered near 551.7 GHz. The vertical resolution for this species

is ∼7 km in the upper stratosphere and in the mesosphere.

NO data are available from 2003 on the basis of one mea-

surement day per month. As noted above, the instrument is

entirely dedicated to the Earth observation since 2007. NO145

measurements could therefore been performed much more

frequently after this date, on an irregular basis of two obser-

vation days in a 14 day cycle (approximately 4 days/month).

More details about these measurements are given by Sheese

et al. (2013). For our study, only the observations made after150

2007, with a good temporal sampling, have been used. Af-

ter communication with the Envisat satellite got lost in April

2012, SMR is at present the only instrument providing NO

measurements with full global coverage (including the polar

winter regions).155

2.2 Middle atmospheric dynamical activity

Figure 1 represents the state of the middle atmosphere during

the Arctic winter 2012/2013, from November to May, in the

vertical range 2-0.003 hPa (approximately 40-90 km, which

is the altitude range in which Odin/SMR temperature data160

are available). SMR measurements are plotted in the two first

panels. Figure 1a shows the evolution of zonal mean temper-

atures poleward of 70◦. A clear increase of the temperature

appears in the upper stratosphere, around 1 hPa, in early Jan-

uary. This stratospheric warming is associated with a meso-165

spheric cooling, clearly visible around 0.03 hPa. The black

diamonds indicate the maximum of the temperature profile in
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Fig. 1. (a) Upper stratosphere / mesosphere pressure-time section of

SMR zonal mean temperature in the 70-90◦ latitude band during the

Arctic winter 2012/2013. Black diamonds indicate the zonal aver-

age stratopause height and the black dash-dotted line indicates the

central date of the warming. For comparison, overlaid white dots

and white dash-dotted line correspond to the same parameters for

the 2009 event. (b) Same as (a) but for SMR zonal mean H2O vol-

ume mixing ratio. The thick black contour is associated with vol-

ume mixing ratio values of 5 ppmv. The same contour measured in

2008/2009 (solid white line) is overlaid for comparison. (c) Daily

mean zonal mean zonal wind at 60◦ N and 10 hPa from ECMWF

analyses during the Arctic winters 2008/2009 (thin grey line) and

2012/2013 (thick purple line). The dash-dotted lines indicate the

central dates of these warmings.

the vertical range considered. They represent the stratopause,

which clearly descends immediately after the warming event,

but reforms at a particularly high altitude (around 80 km)170

in the following weeks. The white dots, overlaid for com-

parison, show the evolution of the stratopause height during

the winter 2008/2009, as inferred from temperature measure-

ments from SMR. As explained in Sect. 1, both winters were

characterized by a particularly strong SSW event. This plot175

shows that the behaviour of the temperature structure was

very similar in both cases. Such elevated stratopause events

are most of the time observed during winter when the mid-

dle atmospheric zonal wind structure is disturbed by a SSW

(Chandran et al., 2013).180

The bottom panel of Fig. 1 shows how the typical winter-

time circulation has been disrupted in early 2009 (thin grey

line) and in early 2013 (thick purple line). For this plot, wind

fields from the European Centre for Medium-range Weather

Forecast (ECMWF) operational analyses have been used as185

ancillary meteorological data. According to the World Mete-

orological Organization (WMO), a major midwinter warm-

ing occurs when the zonal mean zonal winds at 60◦ N and

10 hPa become easterly during winter (between November

and March) (Andrews et al., 1985). In addition to the rever-190

sal of the winds, the WMO definition requires that the 10 hPa

zonal mean temperature gradient between 60◦and 90◦ N is

positive. The first day on which the zonal wind reverses is

defined as the central date of the SSW event. As shown in

Fig. 1c, this occured on the 23rd of January 2009 and on the195

6th of January 2013. The temperature gradients also reversed

poleward of 60◦ (not shown here). The criteria for a major

midwinter warming have therefore been fulfilled for these

two winters. Like in 2009 (Manney et al., 2009), the shift

in wind direction that occured in early 2013 was associated200

with the splitting of the polar vortex into two smaller vor-

tices. This phenomenon is clearly visible in N2O fields from

SMR (not shown here. A more detailed dynamical analysis

of this latest SSW event is presented by Goncharenko et al.

(2013)). We can see in Fig.1c that the zonal wind stayed east-205

erly for about ten days and then reversed again, both in 2009

and in 2013. The easterlies were clearly stronger in 2013

than in 2009. In both cases, the vortex fully recovered in late

February, but, in 2009, contrary to what happened in 2013,

the wind speed didn’t reach values comparably high as be-210

fore the warming.

Figure 1b represents the vertical-time section of zonal

mean H2O volume mixing ratios (vmr) measured by SMR

between November 2012 and May 2013. Water vapour is a

very good tracer for the dynamical processes in the middle215

atmosphere (e.g., Orsolini et al., 2010). Here for example,

looking at the 3 ppmv and 5 ppmv contours allows a good

visualization of the evolution of air masses throughout the

winter. In November and December, at a given pressure level,

mixing ratios slightly drop in time as a result of early winter220

descent of air due to the meridional mesospheric circulation

(more pronounced on the 3 ppmv contour). This evolution is

interrupted by a brief increase of vmr values in early January,

explained by an upward motion of H2O-rich air, associated
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with the disruption of the polar vortex during the warming225

event. This also might be due to mixing of midlatitude air

into the polar regions. This observation is consistent with

the results of Tweedy et al. (2013). An anomalous descent

of dry air from the mesosphere is clearly observed thereafter.

The 5 ppmv contour (thick black line) highlights this strong230

downward motion, which is associated with the recovery of

the vortex. It descends from about 0.1 hPa (∼63 km) in mid-

January to below 2 hPa (∼41 km) in the second week of

April, which corresponds to a nearly linear descent rate of

approximately -270 m/day. This phenomenon is an important235

coupling mechanism between the MLT and the stratosphere.

The thick white line, overlaid for comparison, corresponds

to the evolution of the 5 ppmv H2O vmr contour measured

by SMR throughout the winter 2008/2009. With a subsidence

rate of approximately -225 m/day, the vortex seems to be sig-240

nificantly weaker in 2009 than in 2013. Moreover, this figure

shows that the tongue of dry air observed by SMR extended

at least 5 km lower in the stratosphere in 2013 than in 2009.

These results are perfectly consistent with the study carried

out by Holt et al. (2013), which showed that the earlier a245

SSW event occurs in the winter season, the stronger is the

descent following the event.

2.3 Energetic particle precipitation indirect effect

Figures 2a and 2b show the evolution of zonally-averaged

NO mixing ratio in the Arctic region during the 2008/2009250

and 2012/2013 winters. As previously explained, both of

these winters were characterized by a particularly efficient

descent of air due to the reformation of the polar vortex af-

ter a major midwinter warming event. SMR observations of

NO illustrate the dynamical modulations of the EPP indirect255

effect during these two particular winters. The white dash-

dotted lines indicate the central date of the warming events.

A slight depletion of NO in the upper stratosphere and meso-

sphere is visible in January, immediately after this date. This

is due to the upward transport of H2O-rich, NO-poor air, as260

seen in Fig. 1, and it also might be a signature of poleward

mixing. This observation fits with the modelling study by

Tweedy et al. (2013), which shows a hint of such a decrease.

In both 2009 and 2013, very large amounts of NO descended

quickly into the upper stratosphere. SMR measured at least265

40 ppbv, around 0.4 hPa (∼55 km), 2 months after the cen-

tral date of the SSW event, in both years. When looking at

this figure, it is important to keep in mind that not only the

transport can have an impact on NO mixing ratios, but pho-

tochemistry as well. Under sunlit conditions, stratospheric270

NO2 is converted into NO, as explained by Funke et al.

(2011). This reaction can therefore lead to a slight increase in

NO abundances after the end of the polar night (from March),

when SMR measurements are performed both during day-

and night-time. Moreover, the vortex is not always located275

above the pole. It can be shifted away, especially when the

middle atmospheric wind structure is disturbed by a SSW

Fig. 2. Upper stratosphere / mesosphere pressure-time sections of

SMR zonal mean NO mixing ratio in the NH high latitudes (pole-

ward of 70◦ N), from Nov. 1 to May 1, for the Arctic winter sea-

sons 2008/2009 (a) and 2012/2013 (b). The white dash-dotted lines

indicate the central date of the warmings. Panel c represents the

average NO measured during winters 2007/2008, 2009/2010 and

2010/2011, when no downward transport of NO was noticeable in

the SMR data set.

event. Consequently, even if the measurements represented

in Fig. 2 have mainly been done inside the vortex, there can

also be a slight influence of some mixing with the air from280

outside the vortex. Using equivalent latitude as a coordinate

can decrease the effect of this mixing. In this case, the air

masses we are looking at would be more likely located in-
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side the vortex, at least below 3000 K (∼0.1 hPa, ∼60 km)

(Harvey et al., 2009). The same plots have therefore been285

made with NO measurements performed in the [70-90]◦ N

equivalent latitude range (not shown). Equivalent latitude is

calculated from ECMWF PV fields, which are unfortunately

available only up to the lower mesosphere. As a result, only

the bottom part of the descent event can be observed. As ex-290

pected, the descent pattern was slightly more pronounced and

more continuous. But, in the limited altitude range available,

we found that the overall pattern was very similar. That is a

confirmation that Fig. 2 gives a good representation of the

phenomenon.295

Figure 3 represents the relative NO enhancements for the

Arctic winters 2008/2009 and 2012/2013. The goal is to

compare the EPP indirect effect for these two years. All

measurements done after 2007, when the temporal sampling

of the instrument was much better than during 2003-2007,300

have been considered in this study. Nitric oxide measure-

ments from Odin/SMR have been analyzed for each of these

six winter seasons. In 2007/2008 and 2010/2011, no signif-

icant dynamical event disturbed the middle atmosphere in

the middle of the winter. The EPP-induced NO stayed in305

the MLT, and EPP IE was therefore very low. Nitric ox-

ide measurements performed by SMR before 2010 are con-

sistent with NOx observations by ACE-FTS described by

Randall et al. (2009). A SSW event occurred in late Jan-

uary 2010. However no particular NO downward transport310

has been observed and the EPP IE was very low that year

as well. This can be explained by the fact that this warm-

ing event was dynamically very weak. No mixing between

mesospheric and stratospheric air masses was noticeable in

the SMR data set. In addition, the geomagnetic activity was315

particularly low. The average Ap index from Oct. 1, 2009

to Mar. 1, 2010 was 3.1 only, and never exceeded 14 (data

from ftp://ftp.ngdc.noaa.gov/STP/GEOMAGNETIC DATA/

INDICES/KP AP/). As previously explained, fewer auroral

particles are likely to precipitate in the atmosphere in such320

a situation, so little NO was probably produced in the MLT.

The winter 2009/2010 can therefore be considered as dynam-

ically quiet with respect to NO. As for the winter 2011/2012,

a quite uncommon situation was observed. This winter has

been affected by a minor stratospheric warming in January325

(followed by the formation of an elevated stratopause) and by

a solar proton event (SPE) approximately at the same time.

A series of coronal mass ejections generated intense particle

fluxes of high energy, which could penetrate deep into the

Earth’s atmosphere in the polar regions and dramatically al-330

ter the middle atmospheric composition (von Clarmann et al.,

2013). This mechanism is generally called the EPP direct ef-

fect. In January 2012, this effect was superimposed on the

subsidence of mesospheric NO-rich air associated with the

SSW-ES event, making the EPP IE more challenging to ob-335

serve. That is the reason why we decided not to include this

winter in our study.

The NO mixing ratios measured during the three winters

2007/2008, 2009/2010 and 2010/2011 have been averaged in

order to get an estimate of the background levels during quiet340

conditions. This three-year mean is represented in Fig. 2c.

Because of the lack of a more valid climatological reference,

it will be considered as a reference for the standard NO win-

ter distribution in the Arctic region. A slight increase in NO

mixing ratios is noticeable in this figure in the stratosphere345

from March to May. This seasonal variation is due to the

sampling pattern of the observations which covers different

photochemical conditions for different times, as previously

explained.

The ratio of nitric oxide measured by SMR in 2008/2009350

and 2012/2013 to this reference background has been calcu-

lated and plotted in Fig. 3. A tongue of increased NO vmr

for both winters is clearly visible. There could possibly be

an influence of the seasonal variation, but this one would

be very small, as the seasonal signal is negligible compared355

to the EPP IE (as seen in Fig. 2). The red diamonds repre-

sent the height of the stratopause as observed by Odin/SMR.

It appears that the onset of the enhancements coincides ex-

actly with the formation of the elevated stratopause, which is

due to an interplay between gravity wave and planetary wave360

forcing, as explained by Limpasuvan et al. (2012). In both

years, at least three times more NO than average is observed

between ∼70 and 85 km immediately after the ES event. The

high NO tongue stays just below the stratopause, following

its evolution in altitude and time for at least two months.365

3 Summary and discussion

The major stratospheric warming and the following elevated

stratopause event that occurred in January 2009 were unusu-

ally strong and persistent in time, as shown by Manney et al.

(2009). We have seen in the previous section that the 2013370

SSW-ES event was characterised by a very efficient down-

ward motion, associated with an even higher subsidence rate

than in 2009. As it appears in SMR measurements (Fig. 2),

the downward transport of NO can be strongly amplified dur-

ing the Arctic winters affected by such events. NO formed in375

the MLT by the impact of energetic particles has indeed been

transported down to the mesosphere and upper stratosphere

in very large amounts during the months following these two

stratospheric warmings. Figure 3 shows that the 2013 SSW-

ES event led to significantly larger NO mixing ratio enhance-380

ments than the equivalent event that occured in 2009. Up to

20 times more NO than average was observed in the upper

stratosphere, whereas this ratio did not exceed a value of ∼9

in 2009. If we consider all of the points associated to a value

greater than 3 (Fig. 3), the mean excess NO is 4.9 in 2013,385

while it is only 4.0 in 2009. Moreover, the tongue of EPP-NO

extends much lower in altitude (below∼40 km vs.∼50 km in

2009). It is also significantly more extended in time (93 days

after the SSW central date, vs. 79 days in 2009). The 2013
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Fig. 3. Relative NO enhancements: ratio of nitric oxide in

2008/2009 and 2012/2013 to the average NO measured at the corre-

sponding latitude, pressure and time in 2007/2008, 2009/2010 and

2010/2011. Time is expressed in days relative to the central date

of each SSW event (white dash-dotted lines) to make the compar-

ison easier. Red diamonds indicate the height of the stratopause as

inferred from SMR temperature measurements.

SSW-ES event has therefore a higher potential to affect the390

stratospheric composition. However, we can notice that both

NO tongues do not reach the maximum of the primary ozone

layer. The differences between these two winters can be ex-

plained by the earlier onset of the dynamical event in 2013

compared to 2009. Holt et al. (2013) indeed showed that the395

EPP indirect effect is larger for earlier central warming dates

for two main reasons: the earlier an event occurs in the winter

season, the stronger is the following descent, and the longer

the EPP-NOx can be transported down before the final warm-

ing occurs. This highlights the importance of the dynamics400

for the EPP IE.

The effects of energetic particle precipitation on the atmo-

sphere are not only governed by dynamics, but also by solar

activity. The winter 2012/2013 was close to the solar max-

imum of the solar cycle 24, whereas the winter 2008/2009405

corresponded to the solar minimum. The average Ap in-

dex from Oct. 1, 2012 to Mar. 1, 2013 was quite high: 6.6

with a maximum of 47, while it was just 4.8 and never

exceeded 34 for the same period four years earlier (data

from ftp://ftp.ngdc.noaa.gov/STP/GEOMAGNETIC DATA/410

INDICES/KP AP/). The geomagnetic activity was therefore

relatively high during the 2012/2013 winter. As explained

in Section 1, such a situation is favourable to a higher NO

production level in the upper mesosphere and lower ther-

mosphere. This is consistent with the observations by SMR,415

which measured higher nitric oxide mixing ratios. The av-

eraged vmr around an altitude of 90 km between Novem-

ber and March was approximately 1800 ppbv in 2012/2013,

against 1240 ppbv in 2008/2009. Consequently, more NO

was available to be transported down to lower altitudes in420

early 2013. This outstanding EPP IE was therefore the result

of the combination between a high geomagnetic activity and

an exceptionally high dynamical activity. All the elements

were gathered for a particularly strong EPP indirect effect,

which makes the 2013 event a very good example of how the425

solar activity can influence the Earth atmosphere.

The results presented in our paper show that the NO de-

scent observed during the Arctic winter 2012/2013 corre-

sponds to the strongest EPP indirect effect during the pe-

riod when Odin/SMR performed regular measurements of430

NO (2007-present). However, some other examples of EPP

IE have been previously observed by other instruments, in

particular in early 2004, which is so far considered as the

largest case on record (Holt et al. (2012), Funke et al. (2014)).

Holt et al. (2012) showed that energetic particle precipita-435

tion contributed to the deposition of 2.7 Gmol of NOx into

the stratosphere during this winter. It would be interesting

to quantify the total amount of EPP-NO deposited into the

stratophere in early 2013 and to compare this result to the

other events on record.440

The indirect effect of energetic particle precipitation is

still poorly understood, and its representation in current at-

mospheric models is challenging (Funke, 2011). Odin/SMR,

which is at present the only instrument measuring NO on a

global scale, provides a very rich data set that can help the445

scientific community to get more information about the im-

pact of EPP on the atmosphere.
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