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Abstract. The relationship between polar mesosphere sum-At the NH (auroral zone) site, the dependence on magnetic
mer echoes (PMSE) and geomagnetic disturbances (remisturbance is highest during evening-to-morning hours. At
resented by magneti€ indices) is examined. Calibrated the SH (sub-auroral) sites the response to magnetic distur-
PMSE reflectivities for the period May 2006—February 2012 bance is weaker but persists throughout the day. While the
are used from two 52.0/54.5 MHz radars located in Arctic immediate response to magnetic activity can be qualitatively
Sweden (68N, geomagnetic latitude 8pand at two dif-  explained by changes in electron density resulting from ener-
ferent sites in Queen Maud Land, Antarctica{72’ S, ge-  getic particle precipitation, the delayed response can largely
omagnetic latitudes 6263°). In both the Northern Hemi- be explained by changes in nitric oxide concentrations. Ob-
sphere (NH) and the Southern Hemisphere (SH) there is aervations of nitric oxide concentration at PMSE heights by
strong increase in mean PMSE reflectivity between quiet andhe Odin satellite support this hypothesis. Sensitivity to geo-
disturbed geomagnetic conditions. Mean volume reflectivi-magnetic disturbances, including nitric oxide produced dur-
ties are slightly lower at the SH locations compared to theing these disturbances, can explain previously reported dif-
NH, but the position of the peak in the lognormal distribu- ferences between sites in the auroral zone and those at higher
tion of PMSE reflectivities is close to the same at both NH or lower magnetic latitudes. The several-day lifetime of nitric
and SH locations, and varies only slightly with magnetic dis- oxide can also explain earlier reported discrepancies between
turbance level. Differences between the sites, and betweehigh correlations for average conditions (year-by-year PMSE
geomagnetic disturbance levels, are primarily due to differ-reflectivities andk indices) and low correlations for minute-
ences in the high-reflectivity tail of the distribution. PMSE to-day timescales.

g?_fllj"ertl.c N ragltes_ are es?er;t;ﬁllyptl\k;leséame at bort]h NH a?féeywords. Atmospheric composition and structure (Mid-
>rl locations during most of the: season when a Suly o atmosphere — composition and chemistry) — lonosphere
ficiently low detection threshold is used so that the peak in

the lognormal distribution is included. When the local-time

dependence of the PMSE response to geomagnetic distur-

bance level is considered, the response in the NH is found

to be immediate at most local times, but delayed by severall Introduction

hours in the afternoon sector and absent in the early evening.

At the SH sites, at lower magnetic latitude, there is a de-The coldest region of the Earth’s atmosphere, the summer

layed response (by several hours) at almost all local timesmesopause region at 80-95km-height above the surface,
forms over northern and southern polar latitudes during the

(lonospheric disturbances; Polar ionosphere)
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respective summer months. Here temperatures fall to belovate-summer PMSE between Kiruna, Sweder? (6819° E),
150K, forced well below radiative equilibrium by upward and Wasa, Antarctica (7%, 13 W), and found occurence
and equatorward winds which are caused by wave forcingates to be very similar. This seemed to be consistent with the
of the global circulation. Temperatures become so low thaf(limited) information then available, suggesting that summer
ice clouds form, despite very low concentrations of watermesopause temperatures at aboutl@Gtude were about the
vapour. These mesospheric clouds can be observed from tteame in both hemispherdsipken et al.1999. Nilsson et al.
ground during twilight as noctilucent clouds and have been(2008 compared PMSE between Wasa and Davis, Antarc-
studied for more than a century (e@adsden and Scbder, tica (69 S, 78 E), and found about half the occurrence rates
1989. Their sensitivity to temperature and water vapour at Davis compared to Wasa, which was consistent with satel-
makes them a popular candidate for searching for possibldite indications of temperature differences at the time of those
signs of anthropogenic changes in atmospheric compositiomeasurements between°@and 73 S. Latteck et al(2008
and radiative balance. Observations by satellite of increasingompared PMSE for the years 2004-2006 between Reso-
occurrence rates of mesospheric clouds have been used to dnte Bay, Canada (P3N, 95° W), Andenes, Norway (69N,
gue for a long-term trend with slowly decreasing temperaturel6® E), and Davis, Antarctica (6%, 78 W), and found oc-
at the summer mesopause (Sfpettle et aJ.2009. On the  currence rates of 18%, 83 % and 38 %, respectively, with
other hand, ground-based observations of noctilucent cloudmean and maximum reflectivities also varying in the same
have not been able to discern any significant trend targ- order. For the same time interval, and the same detection
wood et al, 20083 Dubietis et al. 2010, nor have direct threshold Smirnova et al(2010 found about a 75 % occur-
observations of temperature (elgibken 2000. However,  rence rate at Kiruna, which gives a consistent difference be-
the number of available observations is limited. The propertween Andenes/Kiruna/Wasa (all about the same) and Davis.
quantification of trends really requires carefully calibrated Morris et al.(2009 considered longer data series from Davis
quantitative observations covering all local times and re-and Andenes to confirm the lower rate of PMSE at Davis
peated over several decades. Visual observations of noctilutand found the difference consistent with satellite observa-
cent clouds are available for the longest period of time, buttions of slightly warmer temperatures in the Antarctic sum-
they are hard to calibrate, they are restricted to the twilightmer mesopause, compared to the same latitude in the Arctic.
hours and they are often hampered by tropospheric cloudsThere remains, however, an inconsistency with the very low
Satellites have been available for a shorter period and prorates of PMSE occurrence at Resolute Bay. If temperatures in
vide observations only at fixed local times which change overthe Southern Hemisphere (SH) mesopause really are warmer
the course of decades. Since mesospheric clouds can havelsn in the Northern Hemisphere (NH) at the same latitude,
significant local-diurnal variation, this makes interpretation and temperature is the deciding factor for PMSE, then PMSE
of satellite-based trends uncertain (eSgevens et al2009 should be stronger at Resolute Bay than at all of Andenes,
2010. Kiruna and WasaSwarnalingam et al(2009 have made

An attractive alternative is to use radar, which offers the careful checks on the reliability of PMSE reflectivity and oc-
possibility of accurate calibration and complete local time currence rate estimates for Resolute Bay and found that they
coverage. The ice particles which form noctilucent cloudsare indeed accurate; and applying the same methods for the
and the smaller sub-visual ice particles, which form first, similar radar at Yellowknife, Canada (6R, 114 W), gives
coexist together within the lowest part of the Earth’s iono- PMSE occurrence rates there similar to those at Andenes.
sphere. Here the atmosphere is ionised by solar extreme- Atthe same time, studies of long-term (10-15 years) vari-
ultraviolet (EUV) radiation and by energetic particles from ations in PMSE reflectivity at AndeneBremer et al.2009
the magnetosphere, releasing free electrons and positive iorend Kiruna Emirnova et al.2011) have shown a strong de-
which interact with the ice particles. Although the details of pendence on the level of geomagnetic disturbance (related
this interaction are not fully understood, the result is a highto auroral activity). Reflectivity is expected to be affected
level of small-scale structure in the electron density whichnot only by the properties of the ice particles (which depend
is readily observed as strong radar echoes, known as polan temperature) but also by other factors (see ¥agney
mesosphere summer echoes (PMSE; for a reviewRegp et al, 2011, and references therein), such as those affecting
and Lilbken 2009. The easiest parameter to measure forsmall-scale structuring (e.g. turbulence), wave perturbations
PMSE is the echo power. With care, it is possible to cali- of the background temperature gradient (see B et al,
brate the measurements and to derive the reflectivity of th€2012, and, perhaps most importantly, by electron density
scatterers. Thanks to improvements in calibration methodsand electron density gradient. Yellowknife, Kiruna and An-
physically meaningful comparisons of PMSE strength be-denes in the Northern Hemisphere are all at latitudes within
tween different radars at different locations and over periodgshe auroral oval, Wasa is on the equatorward edge, and Davis
of more than a decade have been made, with the hope of reand Resolute Bay are well poleward of the oval. The effects
lating these to differences in temperatures, the latter beingf energetic particle precipitation associated with auroral ac-
the most important parameter controlling the formation of tivity at PMSE heights can be expected to be greatest within
ice particles. For exampl&irkwood et al.(2007) compared the auroral oval Codrescu et al.1997. If we are to use
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Table 1. Main characteristics of the radars used in this study. Geomagnetic coordinates are calculated using the online facility provided by
Papitashvili(2012. Antenna effective aredreff, gain Gt and beam widtl#t are calculated on the basis of the dimensions and spacing of
the antenna elements. Antenna parameters in parentheses applied during November and December 2011.

Radar ESRAD MARA
Geographic coordinates 67818, 21.1C E Wasa 73.04S, 13.42 W
Troll 72.01° S, 02.54 E
Height above sea level 295m Wasa 440 m
Troll 1270 m
Geomagnetic latitude 64N Wasa 61.6S,
Troll 62.7° S
Geomagnetic midnight 21:28UT (22:52LT) Wasa 02:11UT (01:15LT)
Troll 01:35 UT (01:47 LT)
Operating frequency 52.0 MHz 54.5 MHz
Transmitter peak poweP 72kW 20 kW
Antenna effective aredreft 3740n? 540 n? (146 nf)
Antenna gairGr 31.5dB 23.5dB (18dB)
Average feed los& 1 0.5 0.8 (0.6)
Beam widthot (1-way, hwhm) 2.8 6° (11°)
Nominal beam widthr /2G%° 2.4 6.0 (11.6°)

PMSE to study hemispheric differences or long-term changean 2009 from 22—-31 December, in 2010 from 1-27 January
in the temperature of the neutral atmosphere at the summeand 14-31 December, and in 2011 from 1-12 January. Dur-
mesopause, we need first to understand better how the réng 2011, MARA was moved to the Norwegian station Troll
flectivity responds to changes induced by energetic particlavhere it started operation on 23 November and is intended
precipitation. to operate year round for about 2 years. So the start and
There is a larger offset between the magnetic and geoend of the SH PMSE season have been covered only once
graphic poles in the Southern Hemisphere than in the Northby MARA, during the 2011/2012 season. The basic con-
ern Hemisphere. As a result, observations from parts offiguration of MARA includes 20-kW peak transmit power,
Antarctica offer the possibility to study PMSE at high ge- 3 receivers (6 since 2012) and an antenna array consisting
ographic latitude but relatively low geomagnetic latitude, re- of 3 groups, each of 16 dipoles (a smaller antenna array,
ducing the effects of energetic particle precipitation. Obser-consisting of 3 groups each of 4 three-element Yagis, was
vations from Antarctica have already been used to show thatsed 23 November 2011—-4 January 2012). The main hard-
during geomagnetically quiet conditions, PMSE reflectivi- ware characteristics are summarised in TahleHorizon-
ties can, on average, be explained by ice-mass density tdal winds, echo aspect sensitivities and coherence times are
gether with electron densities produced by solar EUV radia-measured using full correlation analysis, using the 3 antenna
tion alone Kirkwood et al, 2010h. In this study we partic- groups separately. Vertical wind (Doppler) and reflectivities
ularly focus on how different responses to disturbance lev-are measured using the whole antenna (signals from the 3
els between a sub-auroral Antarctic site and an auroral Arcgroups are combined coherently in software).
tic site can indicate different mechanisms affecting PMSE ESRAD (ESrange RADar) is a moderately large, 52-MHz
strengths. We also look at how disturbance effects can affectadar which has made PMSE measurements at Esrange, near
conclusions drawn from comparisons between sites or oveKiruna in Arctic Sweden since 1996. ESRAD operates con-
time. tinuously and provides complete coverage of the start and
end of each of the seasons. Here we include measurements
from 2006 to 2011 to compare with the same period of
2 MARA and ESRAD VHF radars time as MARA observations. ESRAD has 72-kW peak trans-
mit power, 6 receivers and an antenna array consisting of 6
groups, each of 48 five-element Yagi antennas (see Table
for more technical details). As at MARA, full correlation
nalysis is applied using separate antenna groups, while re-

MARA (Moveable Atmospheric Radar for Antarctica) is a
relatively small, 54.5-MHz radar which has made PMSE
measurements in Antarctica during 5 summer seasons so f
Frolm January 2006 tq .January 2011 MARAlwas.op_erate lectivities and doppler are calculated using the whole an-
during summer expeditions only at the Swedish/Finnish re- enna
search stations Wasa/Aboa (the two stations are at the sameThe' receiver paths for both radars (including the whole
site). Observations were made in 2007 from 23 January- :

) ath from antenna through the receivers) have been
5 February and 5-31 December, in 2008 from 1-31 Januar)},) 9 )
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calibrated by monitoring the daily variation of galactic noise, antenna feed on transmission 1) andV; expresses the frac-
which is recorded as the noise level in the radar height protion of the scattering volume which is filled with scatterers
files (Kirkwood et al, 2007, 20103. Antenna feed losses for (< 1).
the MARA system (where the feed system is relatively sim- Equation (1) is fronGage(1990 and has been used in ear-
ple) have been found by direct measurements on the variouker PMSE studies comparing ESRAD and MARA, eark-
components. Tests with direct injection of known noise levelswood et al (2007). An alternative expression duettmcking
into the receiver system have been performed sporadically at1985 has been used by a number of other authors, particu-
both sites. This provides a check on feed losses at MARA andarly where different antenna areas have been used for trans-
an estimate of feed losses at ESRAD. Comparison betweemission and reception. Combining Egs. (28) and (33a) from
Fresnel reflectivities at tropopause heights and values calcuthe latter paper,
lated from radiosonde profiles of atmospheric static stability
provide a year-to-year check on transmitter power stability ~ PRrR 87 (2In2)r?
and losses on transmissidfikwood et al, 201% Smirnova | pr LTLRGTARefO82AT
et al, 201)). Finally, MARA made PMSE observations in
Kiruna, just 30 km from ESRAD in 2006, allowing cross cal- wherePgRis power due to atmospheric scatter detected at the
ibration (Kirkwood et al, 2007). receiver;GT is the gain of the transmitting antenndger is

Both MARA and ESRAD usually operate two or three the effective area of the receiving anteniig; accounts for
measurement modes with different duty cycles and differendosses in the antenna feed on receptignis the half-power
he|ght reso|ution3, genera”y Switching between modes ever)half-Width of the volume Contributing to the scatter, Usua”y
minute. The measurements used here have been made with #ken as the combined antenna beam on transmission and re-
bit complementary codes, with 4-us (600 m) bit length, pulseception; and other parameters are the same as in Eq. (1). In
repetition frequency (prf) 1300 Hz, 16 coherent integrationsthis case,
in hardware and 2 further coherent integrations in software 1 1
(in total 49-ms integration time). Reflectivities and other pa- — =+,
rameters have been derived for each 1-min height profile ands & 67

the results averaged for 1-h intervals before being used in the .
statistical study described in the rest of this paper. wheregr andfy are the one-way beam widths of the trans-

mitting and receiving antennas, respectively.
Although Egs. (1) and (2) appear to be rather different,
3 Radar volume reflectivities substituting the (trivial) relation®ra = Prr/Lr andog =
9%/2 (for the case when the same antenna is used for trans-
PMSE strengths are sometimes expressed in terms of signamission and reception), and assumivig= 1 and the (less

to-noise ratio, but this parameter depends on the characbvious) approximate relation between beam width and gain,
teristics of the radar making the measurements (transmitter

power, antenna area, antenna and feed efficiency) and on the

way in which the data has been collected (radar pulse length,> 7T_2
receiver bandwidth, number of coherent integrations). For | = 4Gy’
comparison between different radars at different locations ] ]
it is important to use instead a parameter which is an in-it can be seen that Egs. (1) and (2) are identical. Although
trinsic property of the atmospheric scatterers and which carFd- (4) is only an approximation, the values it gives for the
be calculated from the echo power detected by the radar af/ARA and ESRAD antennas are indeed very close to the
ter correcting for all of those instrumental effects. The mostvalues from antenna simulations (quoted in Table

commonly used measure for PMSE is volume reflectiyity A problem in applying either Eq. (1) or Eq. (2) to mea-
which is the radar cross section per unit volume of the at-surements from radars with finite beam widths is that the

mosphere. If the scatter is isotropic, this can be found fromScatter from PMSE is not completely isotropic. One way to

the power scattered back to the radar. Two slightly different2ccount for this is to replacgs in Eq. (2) by an effective

expressions have been applied in recent PMSE studies, i.e. P8am widthfer which depends on “aspect sensitivitk, an
intrinsic property of the scatterers, and the true combined an-

Pra 64(2In2)r? 1) tenna beam widthg. Following Hocking et al (1986,
1= TPt wLtViAerAr

)

3

4

1 1 1

where Pr is power delivered to the antennBga is power % o2 %'
due to atmospheric scatter received by the antenigthe

distance to the scattering volun#y is the thickness of the We can define a “normalised” or “narrow beam” volume re-
volume element along the radar beamy is the effective  flectivity, which is the average reflectivity in the volume ac-
area of the receiving antennay accounts for losses in the tually contributing to the scatter, i.e. the reflectivity which

®)
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would be measured by a radar with << 65 as follows:

— MARA Jan/Feb

MARA Nov/Dec

N — ESRAD
N

921 921

92
N = UTB- (6) 9}
eeff

90

881

Using the interferometric capabilities of ESRAD and MARA 5 %
it is possible to measure the effective beam width using full
correlation analysisBriggs 1984 Holdsworth and Reid

1999. In this case, however, only part of the antenna array
is used for reception at each receiver. Each sub-array has a s
beam widthdreca; thus the measured effective beam width

86 86

HEIGHT km.a.s.|

84+

IS 82+ 82}
1 1 n 1 n 1 ) © ol ‘
2 T 2 2 -2 0 0 05 15, 25 3
Oettrca o5 of OFca B/ &
Combining Egs. (3), (5) and (7) gives Fig. 1. Two-way antenna beam widtl#g (dashed lines), median
(thick lines) and quartile (thin lines) height profiles of effective

1 1 1 1 beam widthoe¢; (left-hand panel) and corresponding correction fac-
- = - (8) tors Hé/eezﬁ to be applied to the volume reflectivity calculations
et Oetrca PR ORrca (right-hand panel). Dashed lines in the left-hand panel are smooth

) ) curves fitted to the mean profiles of the correction factors. The fitted
In a recent study bysmirnova et al(2012 using 11 years  ¢yyes are used to correct reflectivities. See text for further details.
of PMSE measurements by ESRAD, it was found that half

of the PMSE echoes have aspect sensitidtyhich is com-
parable to or slightly less than the ESRAD beam width. Soin the early season are generally found at rather higher alti-
Oefi is significantly less thamg and the rationn/n could  tudes than in the later season, which is the reason we con-
be as high as a factor 2. The MARA radar has a broadesider separate height profiles for November/December and
beam than ESRAD, so this ratio can be expected to be highedanuary/February, for example in Fig.
Figurel illustrates statistically the height distribution of ef-
fective beam width and the ratigy /5 for the ESRAD and
MARA observations used in this study. A complete descrip-4 PMSE response to magnetic disturbance
tion of the effective beam widths (and the aspect sensitivi-
ties which can be derived from these) is beyond the scopé&Ve can expect PMSE reflectivities to be strongly affected by
of the present work. For more details for PMSE at ESRAD electron density and electron density gradient. At polar lat-
we refer toSmirnova et al(2012. Similar results are found itudes, electron density depends on ionisation both by solar
for MARA, with no statistical variation of effective beam extreme-ultraviolet (EUV) radiation and by sporadic precip-
width with echo strength, but a distinct variation with height. itation of high-energy electrons and protons from the mag-
Derivation of effective beam width from the radar measure-netosphere. Whereas solar-produced ionisation is relatively
ments is subject to large random uncertainties for individ-easy to model, that due to precipitation is not because of
ual data samples, while corresponding estimates o§ing  the very variable characteristics of the source, both in time
Eqg. (1) have rather small uncertainties. Since there is no staand in energy. However, the precipitation affecting PMSE
tistical relation between aspect sensitivity and echo strengthheights will also cause ionisation at higher altitudes. The vis-
we avoid introducing unnecessary random errors by using théble result of such precipitation is the aurora. At the same
mean profiles ofyy/n shown in Fig.1 to calculateyy. time, the increased electrical conductivity at heights above
Examples of volume reflectivities for two seasons of mea-100 km, and/or increased electric fields associated with the
surements are shown in Fig@. It is clear in Fig.2 that magnetospheric perturbations causing the particle precipita-
the height of the PMSE layer behaved differently betweention, produce electric currents. The magnetic fields associ-
MARA and ESRAD, at least for those two seasons. Theated with these currents are then detected by magnetometers
same behaviour of PMSE height was reported and discusseoh the ground. Transient perturbations detected by magne-
following the first long season of observations with MARA tometers are regularly used to monitor the disturbed state of
in 2007/2008 Kirkwood et al, 20080. All subsequent sea- the ionosphere, generally quantified by tkieindex, which
sons, particularly the even longer period of observations inis a quasi-logarithmic measure of the degree of disturbance,
2011/2012 in Fig2, show the same behaviour, indicating derived for fixed 3-h time intervals.
that this is a stable characteristic of PMSE in the SH. For To examine the response of PMSE to geomagnetic activity
the present study we note only that it implies that SH PMSEwe use thek index from the magnetic observatory in Kiruna
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Fig. 2. Examples showing volume reflectivitiesy() for two complete seasons of PMSE observations, the upper panel for ESRAD in the
Arctic, the lower for MARA in Antarctica. Colour scale is the lggof volume reflectivityny.

SH MARA 2007-2012 NH ESRAD 2006-2011
4 — 2006/07 T 4 — —— 2006 05 05
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3.5¢ 2008/09 B 3.5+ 2008 0.45 0.45

——2009/10
——2010/11
—2011/12

— 2009

LAG hours (T'JMSE - TK)
LAG hours (TPMSE - TK)

mean local K index
mean local K index

0.15
0.15

0 5 10 15 20

0_5\/\/ 05! i Fig. 4. Cross-correlation coefficients (colour scale) between local

K index and PMSE reflectivity (maximum value each hour) as a
0 ‘ : : ‘ 0 : : : ‘ function of local (solar) time and lag betwe&hindex and PMSE

0 5 10 15 20

1 LT at MARA LT at ESRAD

0 5 10 15 20 0 5 10 15 20

MARA LT ESRAD LT reflectivity. A positive lag means PMSE reflectivity increases after

an increase irK index. Correlation coefficients are calculated sep-
Fig. 3. AverageK indices for each PMSE season (June/July for arately for each season, and those with less than 95 % significance
ESRAD, December/January for MARA) as a function of local (so- are set to zero before averaging.
lar) time. K index used for MARA is from Leirvogur, Iceland, for
ESRAD from Kiruna, Sweden. (Note that no measurements were

made by MARA during the 2008/2009 season). ] ) o ) ]
two locations. Magnetic midnight is close to local solar mid-

night at both sites (see Table 1), so the magnetic-midnight

maximum becomes a local-time midnight maximum. It is
for comparison with ESRAD. There is no magnetic obser-also clear that there have been more periods of low geo-
vatory close to MARA, so we instead use tkieindex from magnetic disturbance levels during the summer in the SH
Leirvogur, Iceland, which is the closest available to the mag-compared to the NH. Figuré shows the cross correlation
netic conjugate location for MARA (Leirvogur is at magnetic between PMSE reflectivities (maximum over all heights for
latitude 65, with magnetic midnight at 00:30 UT). FiguBe  each hour) and the loc#l indices as a function of local time
illustrates the variation of th& indices from year to yearand and lag between the PMSE observations &ndhdex vari-
over local (solar) time during the main PMSE seasons at theations. For ESRAD, the highest correlations at most local
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Fig. 5. Histograms showing the occurrence rate of PMSE as a function of volume reflectinihyfdr different levels of magnetic dis-
turbance. Occurrence rates are based on 1-h averages — the months of June and July at ESRAD, December and January at MARA — an
include observations for all heights (600-m resolution) between 78 and 100 km a.s.l. Black curves are fitted lognormal distributions with
characteristics given in Table 2.

times are with zero lag; i.e. there is an immediate response ofable 2. Details corresponding to the histograms and fitted curves
PMSE reflectivity to magnetic disturbance. However we notein Fig. 5. First column lists the different conditions corresponding
there is no sign of any response between 18:00 and 20:00 LTo the different histograms, second column the number of hours
and seemingly a delayed response (by 5-20 h) between 12:0% observations a_vailable in _each category. Third column gives
and 18:00 LT. For MARA, the highest correlation is almost (e % of observations belonging to each category. The fourth and
always delayed by several hours, with some indication of a fifth columns list the parameters of the fitted lognormal distribu-

; . L . "ion P(X)dX = Pyexp(—(X — Xg)2/ W2) whereX = log(ny) cor-
|mmed|at¢ response around midnight, but a substantial de":l?/esponding to dashed curves in the figure. The final column lists the
around midday.

: X . . ) maximum volume reflectivity observed in each category.
The immediate response is clearly consistent with an effect

of increased electron density and/or electron density gradi-
ent due to particle precipitation. The correlation coefficients
are not high, reaching at most 0.4 at ESRAD in the early ESRADK24=0-1 150 02 -154 24 23x “rﬁ
morning, corresponding to 16 % of the PMSE variability “ex- ESRADKp4=2-3 4343 58 -153 21 d4x 10_10
plained” by variations ink index. However, given the in-  Cor v 0K24>3 2995 40 —151 4.4 2x 10_13
: : : . . MARA Kp4=0-1 958 21 -153 11 39x10°

direct relation betweerk index and electron density, this o\ Koa—2-3 1915 42 —152 11 & x10-13
_rmght be expect(_ed. Alsq, the Ia_ck of an immediate reSponse \iara K, > 3 1687 40 —-150 19 25x10-11
in the afternoon is consistent with the lower chance of parti-
cle precipitation in that time sector (see edpdrescu et al.

1997. The generally delayed response at MARA is less easy
to explain. The correlation is strongest during midday when
solar EUV may be the dominant ionisation source. We will ties separately for different levels of magnetic activity. The

_rfeturn to this feature Ialt:)el\r/.lg;rfth%rfrf]omenlt Wel notfe only thaty, - ximum detection threshold for PMSE volume reflectiv-
if we want to compare or different levels of magnetic ;i s '~ 10-16m~1 for MARA and ny = 10~ m~? for

activity, we need to consider not just the concurrknndex
but the history of thek index during the preceding hours.
S.O folrfuhrther analys's wle def;nﬁ a ne(;N m_dﬁSﬁA, VZVZ'ISh IS 107 8m~1 as comparisons for lower reflectivities are not
simply the maximum value of th& index in the pre- meaningful. Table gives an overview of the availability of

cedinglandhincluding th%PMSEdqpservatito)n. This melanf,r:orPMSE observations for the different conditions, the charac-
example, that we consider conditions to be quiet only It theq s of the lognormal distribution curves fitted to the his-

K index is low and has been low for at least a day. tograms, and the maximum reflectivities. It can be seen that

Hours % Xo w maxny

Figure 5 shows histograms of PMSE volume reflectivi-

ESRAD (it varies as the galactic noise level varies over the
sidereal day). We show only the distribution abayg¢=
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Fig. 6. Height profiles of mean PMSE volume reflectivity for dif-

ferent levels of magnetic disturbance. Means are based on 1-h a\fig. 8. Seven-day running mean occurrence rates of PMSE as a
erages, the months of June and July at ESRAD, December anf|nction of magnetic disturbance level. PMSE is defined as occur-

January at MARA (separately for each month).Values bejgw= ring if the one-hour averaggy > 10-8m=1 at any height.
1018 m~1 are set to zero before averaging.

Further illustrations of the influence of activity level are

SH MARA 2007-2012 NH ESRAD 2006-2011 X . . i X
10" m 10" ‘ shown in Figs6 and7, which show mean height profiles and
15:30 MLT 1 15:30 MLT 1 . I . 16 n—1

loomLT local-time variations, respectively (ally < 107-°m~ are

treated as zero in the averages for a fair comparison between
the two radars). In the height profiles, the effect of increasing
magnetic disturbance levels is distinct only f&p4 > 3. It
affects the heights with highest reflectivities most, with less
effect at lower and higher altitudes. The high-reflectivity tails
of the distributions have a strong influence on the mean val-
ues such that the mean profiles for ESRAD are about an order

0 MLT "

MEANn m™*
MEANT, m

10 — Ky 01 of magnitude higher than for MARA. Referring to the local-
‘ EZAZ . n time variations in Fig7 it is clear that the local-time variation

T 24

shows considerable differences between the two locations. In
0o s Tll‘&E LTl‘hs 20 0o 5 T}‘&ELT&E 20 the guietest conditions, close to midnight, reflectivities are
very low, slightly lower at ESRAD than at MARA, consis-
Fig. 7. Local-time dependence of mean PMSE volume reflectivity tent with lower electron densities due to EUV at the lower
for different levels of magnetic disturbance. Means are based orsolar elevations around midnight at ESRAD. The increase in
1-h averages, the months of June and July at ESRAD, Decembamidnight-sector reflectivity as the activity level rises is only
and January at MARA, with values belop =101°m~1 setto  one order of magnitude at MARA but almost three orders
zero. Averages are over heights 80-90 km at ESRAD, 83-93 km aj¢ magnitude at ESRAD. There is a strong peak between
MARA. 03:00 and 06:00LT at ESRAD even in the quietest condi-
tions, which is not present at all at MARA. The daily cy-
cle, with a maximum close to midday and minimum at mid-
the position of the peak of the distribution, and the width, night, persists at MARA, whatever the disturbance level. At
increase with the level of magnetic disturbance, more so aESRAD it is replaced at the highest disturbance levels by a
ESRAD than at MARA. The tail of the distribution, above maximum around 05:00 LT and a minimum around 19:00 LT.
nn = 1078 m~1 and the maximum reflectivities observed,  The behaviour over LT at ESRAD is mostly consistent
increase dramatically for high levels of activity. The peak with the known characteristics of energetic particle precipita-
of the distribution is close to the same at both ESRAD andtion (Codrescu et al1997), with a maximum in the midnight
MARA, with a slight shift to higher reflectivities at highér and early-morning hours and a minimum in the afternoon.
index levels, at both sites. The main difference between thérhe early-morning peak, apparent even in quiet conditions,
sites is the greater width of the distribution, along with the may be at least partly due to a peak in ice-particle densities at
much larger number of occurrences with high reflectivities atthat time. For examplEiedler et al(2011), using lidar mea-
ESRAD. surements of noctilucent clouds over Andenes, have found
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twice as much ice mass in the 03:00-05:00LT time sector . 2006 - 2012 PMSE OCCURRENCE RATE

compared to the 10:00-24:00 LT sector. However, according

to the results oKirkwood et al. (20108, relating ice-mass o9 NS )
and electron densities to PMSE reflectivities, this should lead ost Dot e L - . 1
to a factor of only 2 difference between PMSE reflectivi- & ol SEAA S |

ties between 03:00-05:00 LT and those at corresponding so-&
lar zenith angles in the afternoon (19:00-21:00LT) if solar
EUV is the only source of ionisation. Since the observed dif-
ference in reflectivities is an order of magnitude, it seems
likely that this site is affected by energetic particle precip-
itation in the early morning even wheki indices suggest
that the situation is quiet. The behaviour around 15:30 MLT
(marked on Fig7 by a vertical dashed line), however, can-
not be explained by particle precipitation. This is the cen-
tre time of a minimum in the relevant particle fluxes — the 0—=% 20
minimum lasts several hours at low disturbance levels but re-
duces to about an hour at the highest disturbance le€els (  Fig. 9. As Fig.8, but with a higher threshold to define PMSE occur-
drescu et a).1997). So we should not expect any increase in rence,y > 10-15m—1.
PMSE with increased magnetic activity around 15:30 MLT
if the only cause is simultaneous energetic particle precipita-
tion. Together with the delayed correlation in this time sec-10 days earlier at ESRAD. At the higher threshold, PMSE
tor (Fig. 4), this suggests some other mechanism must be abccurrence rates are substantially lower, particularly for quiet
work. The weak response of PMSE Ky4 > 3 at heights  conditions, and they are on average slightly lower at MARA
above 88 km for ESRAD in Fig6 also suggests that ener- than at ESRAD.
getic particle precipitation is not the only explanation since As an aside, we mention that, although not shown here, alll
this source should give electron density enhancements whickelationships have also been studied using the planetary Kp-
increase with height. (The lack of response at the base of théndex (which is derived from magnetic observatories at 40—
PMSE layer is likely simply due to the sharp base of the ice-60° latitudes in both hemispheres), and using the Kiriha
particle layer.) index also for MARA. The main features of Figs-9 remain

The local-time dependence of the reflectivity at MARA the same.
for K24 > 3 is not at all consistent with a direct response to
energetic particle precipitation. As with ESRAD, the weak
response at the upper heights in the PMSE layers is a furthes Discussion
inconsistency with the expected effect of energetic particles.
A possible explanation, for the weak response at the uppefmhe observations clearly show the importance of magnetic
heights, the response at all LT at MARA, and the delayed re-disturbance level for the distribution of PMSE reflectivi-
sponse around 15:30 MLT at ESRAD, is that solar EUV re-ties. In earlier publications, the influence of disturbance level
mains the main ionising source at all levels of activity; but the on mean reflectivities has been recognised as important for
underlying atmospheric composition is changed in responsgear-to-year comparisons (eRBremer et al.2009 Smirnova
to magnetic disturbances, in particular the concentration oft al, 2011, but the present study is the first time it has
NO is enhanced, on a timescale of around one day. We wilbeen considered in the context of comparing PMSE at dif-
return to this question in the Discussion section. ferent locations. Previous studies have generally concluded

Finally, we consider not average reflectivities but occur-that the sensitivity to magnetic disturbance is due to direct
rence rates, for comparison with earlier studies, particularlyincreases of electron density by energetic particle precipita-
from other radars. Figur@ shows occurence rates fgg > tion, although it has been recognised that the correlation be-
10-16m~1, which is the limit of detectability at MARA, di- comes very poor at high time resolution (minutes or hours)
vided according to magnetic activity level. Fig@eshows  and, indeed, the possibility of other mechanisms has been
similar plots forpy > 10-°m~1, which is the level chosen suggested. In particulaZeller and Breme2009 found ev-
in a number of other studies. Clearly, the occurrence rate isdence, using superposed-epoch analysis, that the increase of
dependent on both the level of magnetic disturbance and odaily-average PMSE occurrence rate associated with mag-
the threshold chosen, as one lies just below the peak in theetic activity was stronger the day after the maximum distur-
distribution, the other above. With the lower threshold, oc- bance and persisted for several days. An explanation in terms
currence rates after the solstice at ESRAD and MARA areof delayed precipitation of high-energy electrons from the
very similar (slightly lower at ESRAD in quiet conditions). magnetosphere in the days following magnetic storms was
They differ more in the early season, as PMSE starts abouproposed. Such precipitation, however, should be strongest
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precipitated into the atmosphere during geomagnetic distur-

12 T T T T T T T T
10t mean 95 km M 7 bances and can be expected to lead to NO production at lower
E gl |[— K70 SN heights, 60—90 km, and over both auroral and sub-auroral lat-
f A Kp=4 Y itudes Codrescu et al.1997). Whereas the direct electron
S a o\ e \\ | density enhancement due to energetic electron precipitation
R RPN , ‘ has a lifetime of minutes, NO has a lifetime measured in
2l /\/___; — ; o~ hours or days, which means it can persist after the geomag-
80 60 40 20 0 20 40 60 80 netic disturbance has ended, and it can be transported away
CORRECTED GEOMAGNETIC LATITUDE from the latitudes, longitudes or heights where it is formed.
025 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ This makes NO an obvious candidate to explain the delayed
sl P T 85 km A | response of PMSE to magnetic disturbances.
E o . (A% In order to test whether NO enhancement due to geomag-
m\% 015 o , E|A R[] netic activity might explain the PMSE behaviour, we have
s o1’ i examined measurements made by the Sub-Millimeter Ra-
o) A ' M~ diometre (SMR) instrument on the Odin satellitdduftagh
005 ad i et al, 2002. Trace-gas measurements, including NO, cover-

030 60 a0 20 o 20 40 0 80 ing thelsummer mesopause region, ha.ve. been made by Odin-
CORRECTED GEOMAGNETIC LATITUDE SMR since October 2003 (for a description of the measure-

ment technique se®rban et al.2007). Until May 2007, the

Fig. 10. NO volume mixing ratio, and its sensitivity to geomagnetic relevant height range was covered for onlv about one dayv per
disturbance level, from the ODIN-SMR instrument, at two heights, g 9 y yp

85 km and 95 km. NH estimates are for 50 days between 2004 ananonth, but since then the coverage has increased to about
2012 during the months June and July. SH estimates are based ¢hdays per month. In total, 50 days of measurements are so

days between December 2003 and January 2012 during the montar available for the NH summer months of June and July,
December and January. Zonal means drbfis of corrected geo- 49 days for the SH summer months of December and Jan-

magnetic latitude are computed for each day and subsequently awary. Of these, 25 coincide with the PMSE measurements in
eraged to find the total mean (green line). Linear regression betweethe present study made by MARA in the SH, 33 with the

the daily zonal means and mean planet&ryndex (Kp) for each  ESRAD measurements in the NH. The NO concentration in
measurement day are used to find the expected valuks &t0  the summer mesopause, particularly at high latitudes, is very

(solid blue line)anK'p = 4 (dashed blue Iine). Ve.rtical lines on.the low, making measurements difficult. The random uncertainty
lower panel show the corrected geomagnetic latitudes of Davis (D)in the retrieval technique is also high, so zonal mean values
Wasa (W), Troll (T), Esrange (E), Andenes (A), Resolute Bay (R). (i.e. averaging over several satellite orbits) rather than indi-

vidual profiles have to be used. Even using zonal means, at

the latitudes we are most concerned with, 605be NO
in the early morning hoursQodrescu et al.1997. The  concentration is too low to be measured on 60 % of measure-
present study is the first time the local-time dependence ofment days at 80 km-height. The situation is better at 85 km-
the response has been examined including the possibility ofieight, with NO concentration too low to measure on only
a lagged effect. We have found (for MARA in Antarctica at 15 % of days. By 95 km-height, measurements were possible
most local times and for ESRAD in the Arctic in the post- on all of the days.
noon sector) that there is a systematic lag between magnetic Figure10 shows the mean over all available measurement
disturbance and PMSE-reflectivity increase, and a variatiordays (green lines) for NO volume mixing ratio (v.m.r.), for
of the response over local time which is not consistent withretrievals centred at 861 km and 95t 1 km heights, for
a direct effect of energetic particle precipitation alone. We June/July in the NH and December/January in the SH. In-
can expect PMSE reflectivity to depend on electron densityspection of the retrieval diagnostics calculated by the SMR
and electron density gradient (eMarney et al.2011), and it retrieval algorithm suggests an altitude resolution (full width
is well known that these generally increase together as a reat half maximum of the averaging kernel functions) of the or-
sult of energetic electron precipitation. It is also well known der of 6-8 km in the height range 80-110 km. Measurements
that the minor constituent nitric oxide (NO) has a strong in- from every available orbit each day have been averagetl in 5
fluence on the electron density produced at PMSE heightdins of corrected geomagnetic latitudeapitashvilj 2012).
by solar EUV radiation, specifically by the Lymarspectral ~ For days/latitudes/heights when the NO concentration was
line (e.g.Barabash et al2012 and references therein). NO too low for valid retrievals to be made, the v.m.r. is set to
in the lower thermosphere in the auroral zone is well knownzero before averaging over the whole data set (49 or 50 days),
to be strongly increased by auroral electron precipitation (ento avoid biasing the averages towards conditions of unusually
ergies up to a few keV) in association with magnetic distur- high values. To examine the dependence on geomagnetic dis-
bances, at least down to heights of 100 km (Barth et al, turbance level, linear regressions have been made between
2003. Medium-energy electrons (30 keV-2.5MeV) are also NO v.m.r. and the mean of planetaky indices Kp)) for
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each latitude bin and each height over all available measure- 53
ment days. The fitted regressions allow us to predict the most
likely value of NO v.m.r. at any value dfp. The blue lines
show these predicted NO v.m.r. values for qui€t & 0) and
moderately disturbedkp = 4) conditions. The blue lines are
shown only for latitudes where the correlation between NO
v.m.r. andKp is non-zero with 95 % confidence or better.
There is a clear response of NO v.m.r. to geomagnetic dis-
turbance level, for latitudes 50-8N and 40-80S, both at

85 km and at 95 km. At 95 km there are clear maximain mean
NO v.m.r. in the 65-70geomagnetic latitude band in both
hemispheres. At 85km there is only a weak maximum in
the 65-70N band, but NO v.m.r. falls to very low values
at latitudes higher than 80n both hemispheres. There is
also clearly a very steep vertical gradient in NO v.m.r. with
values increasing by a factor of 20-40 between 85-km and 1072 107t 10°
95-km heights. NO VMR ppm ZONAL MEAN at 85 KM

The latitude variation of NO v.m.r. in Fid.0 is very sim-
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: : L Fig. 11. Mean PMSE volume reflectivity;y, between 12:00 and
ilar to what was found in th kin (1
ar to what was found in the study tiskind et al(1997, 16:00 LT as a function of zonal mean NO measured by Odin-SMR

Wh.ICh used modelling to explaln observations of a high- on the same day. NO v.m.r. for the geomagnetic latitude band 60—
latitude enhancement of NO in the summer mesopause r€sso g is ysed for MARA. 65-7ON for ESRAD.

gion by the Halogen Occultation Experiment (HALOE) on
the UARS satelliteSiskind et al.(1997) found that both di-
rect production by medium-energy electrons (in their model,
15keV) and downward diffusion from above 100 km — the ditions (Kp = 4) they are up to 30 % higher. At 85km, di-
main region of NO production by auroral electrons (2 keV in viding the data into morning and evening results in estimates
their model) — were needed to explain the observed NO enwhich are too uncertain to allow th&p dependence to be
hancement at 89 km in the auroral zone. This was surprisindound with reasonable confidence. Altogether, the sensitiv-
since the mean atmospheric motion is upwards in the uppeity of NO to geomagnetic activity shown in Fig0 may be
mesosphere at high latitudes during summer, so rather higpartly due to diffusion from higher altitude (which would be
values for the vertical diffusion coefficient were needed todelayed) and/or to direct production by medium energy elec-
counteract the upward mean circulation. However, the sumirons (which would be both immediate and persistent).
mer mesopause region is characterised by large-amplitude Figurellcompares PMSE volume reflectivities measured
gravity waves and high levels of turbulence due to wind- between 12:00 and 16:00LT by ESRAD and MARA, with
shears and wave breakingilbken 1997, and more recent zonal mean NO v.m.r. at 85 km for corresponding geomag-
estimates of effective diffusion coefficient&rfygalashvyly  netic latitudes (the band 60-6S for MARA, 65—-70 N for
et al, 2012 suggest even higher values than those found necESRAD) for each day when measurements are available. We
essary bysiskind et al(1997). choose the time 12:00-16:00 LT as this is when we hypoth-
Odin travels in a quasi-polar sun-synchronous orbit whichesise that NO rather than direct energetic electron precipita-
nominally crosses the equator at 06:00 and 18:00LT (intionisimportantin determining the background electron den-
practice this has varied between 06:00-07:00 LT and 18:00-=sity. There is a weak positive correlation between NO v.m.r.
19:00 LT between 2003 and 2012). At our latitudes of inter- and volume reflectivity (correlation coefficient 0.2 with 88 %
est, 60—-75N and S, the local time of the measurements isconfidence that it is non-zero). Given that the NO v.m.r. are
about 1 h closer to noon. There are about 15 orbits per 24 hzonal means and the variability with longitude may be large,
So the zonal means represent averages over 30 different lothat the NO measurements are not at the same local time,
gitudes, and for times ranging 06:00-08:00 LT and 16:00-and thatny depends not only on electron density but also
18:00 LT. Averaging morning and evening passes separatelpn the characteristics of ice particles and turbulence, which
(not shown) results in mean values for the high-latitude bandsan vary widely from hour to hour, we cannot expect a par-
which are 20-40 % higher for morning than for evening, atticularly close correlation. But the observed (weak) correla-
both 85 km and 95 km. According to the study Gpdrescu  tion is at least consistent with our hypothesis. Empirically it
et al. (1997 energetic particle precipitation and NO produc- has been found that PMSE reflectivity increases roughly in
tion, increasing with the level of geomagnetic disturbance,proportion to electron density, at least for low levels of ge-
can be expected, particularly for the 06:00—08:00 LT mea-omagnetic disturbancekp < 3) at Wasa Kirkwood et al,
surements. For quiet conditions, average NO levels at 95 kn20108, and we can expect electron density due to ionisation
are the same for morning and evening, but for disturbed conef NO by solar Lymarnx to increase as [N&P. Taking the
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comparison a step further, the black line in Fig.shows the  duced by lower-energy electrons above 100 km, with no de-
fitted power-law relationship (linear regression to the loga-lay compared to the Ap index, but the possibility of down-
rithms of NO v.m.r. andjy) assuming that NO v.m.r. is es- ward diffusion to below 90 km was not considered.
timated accurately and the uncorrelated variability igin So it seems clear that NO concentrations are increased at
The exponent in the fitted power law is 0.7 (standard devi-PMSE heights during geomagnetic disturbances. This can
ation 0.4), which is consistent with the value of 0.5 which be by medium-energy electrons producing NO directly at
we can expect. Comparing Figkd and7, we can conclude PMSE heights, by relativistic electrons producing NO at
that the increase by a factor of 3-5 in NO v.m.r. betweenlower heights followed by upward transport in the mean flow,
Kp=0andKp =4 is less than we would need to explain a or by lower-energy electrons at higher altitude followed by
3-5-times increase iny from K24=0 to K24 > 3 around  diffusion downward along the steep vertical gradient. The
15:30 MLT, if 5y is proportional to [NOJ°. This could be  observed NO increases are of the same magnitude as the in-
due to overestimating the very low NO v.m.r. during quiet creases imy and can explain at least a substantial part of the
conditions, when NO number density becomes very closedelayed PMSE response to magnetic disturbances at MARA,
to the noise level of the measurements. The climatology ofand around 15:30 MLT at ESRAD (Fid). Response through
Siskind et al(1998 based on HALOE measurements (which increased NO can also explain the weak sensitiviti{ g in
have better sensitivity to low concentrations of NO) showsthe upper part of the PMSE layer, as ionisation of the minor
mean values at 85 km, slightly less than half of those we findconstituent NO by Lymaw is the dominant source of elec-
with Odin-SMR. The larger change ify compared to the tron density only below 88—90 km. Above that height (which
increase in NO v.m.r. could also be becaggaés more sensi-  will depend on the concentration of NO) ionisation o O
tive to electron density than simple proportionality. Accord- by the main part of the solar EUV spectrum dominates (e.g.
ing to the theoretical predictions darney et al(2011), nn Barabash et g12012.
should be proportional to the square of electron density (i.e. If NO plays an important role in the strength of PMSE at
to [NOJX0) for very low electron densities, decreasing to no sub-auroral latitudes (MARA), there is reason to expect that
dependence at high electron densities. Part of the increaskalso plays a significant role for the differences between dif-
in nN, even close to 15:30 MLT, could also be due energeticferent sites. The geomagnetic latitudes of several radar sites
electron precipitation. Even though the medium-energy pre-are marked by the vertical lines on the lower panel of E®Q.
cipitation should be at a minimum around 15:30 MLT in a At ESRAD (E) and Andenes (A), for example, NO levels
statistical senseJodrescu et al1997), it is not necessarily may be permanently enhanced due to the frequent particle-
zero and there may be ionisation from higher energy (relaprecipitation events in the auroral zone. Resolute Bay (R), at
tivistic) electrons which are not represented in those statistice magnetic latitude of 84is far poleward of the region of en-
(see e.gHorne et al.2009. ergetic particle precipitation, so local NO production cannot
To further test the order of magnitude of the changes inbe expected. At the same time, during summer, the 24-h illu-
NO density at PMSE heights related to geomagnetic disturmination by the Sun at the site’s geographic latitude of 75
bances, and whether the delay in the correlation betwgen will effectively dissociate any background NO present, and
and K24 = 0 could be due to NO, requires accurate observa-NO levels can be very low, as Fig0 shows. Davis (D), at
tions of the response of NO to energetic electron fluxes ab%® geographic latitude, is at essentially the same geographic
the local scale and its development on timescales of hourtatitude as ESRAD and Andenes. But, since Davis is &t 75
to days. Such observations at PMSE heights and during thenagnetic latitude, poleward of the auroral zone, less high-
PMSE season have so far not been reported, but detailed locahergy particle precipitation is expected such that average
observations from Troll in Antarctica made between March NO densities will be lower than at those sites (in agreement
and May 2008 have been reportedidgwnham et al(2011). with Fig. 10). Altogether, we have to conclude that differ-
Background NO v.m.r. between 70- and 85-km height wasences in PMSE reflectivities between sites may be as much
found to be 0.01-0.1 ppm. Increases in NO v.m.r. at 85 kman indication of mesopause NO densities as of mesopause
were found, up to 0.3-0.5 ppm, maximising on average twotemperatures. On the other hand, PMSE occurrence rates
days after maxima in geomagnetic disturbance level (diagmay still provide a measure of the presence or absence of ice
nosed using the planetary Ap index). Corresponding dailyparticles, and therefore of temperature conditions, so long as
meanKp values for the disturbed days in question were be-detection thresholds are low enough for weak PMSE in the
tween 3 and 4. So these values are consistent withkihe presence of solar ionisation alone, even in the presence of
dependence shown in Fifj0. Newnham et al(2011) found very low NO densities, to still be “visible”.
that the highest NO v.m.r. occurred below 80 km altitude and
could be modelled as being produced by high-energy elec-
trons (300 keV) penetrating as low as 70-km altitude. The6 Conclusions
amount of NO present built up slowly over a period of days,
with production primarily during nighttime and loss during We have compared magneti€ indices with PMSE reflec-
daytime. High amounts of NO were also shown to be pro-tivities at ESRAD in Arctic Sweden (68, geomagnetic
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latitude 65) and MARA in Queen Maud Land, Antarctica sistent with what might be expected due to electron-

(73172 S, geomagnetic latitude &53°), using observa- density increases caused by energetic particle precipi-
tions from 5 SH summer seasons and 6 NH summer seasons. tation. However, delayed response near 15:00LT and a
ESRAD is located in the auroral zone, MARA at sub-auroral weak response in the upper heights of the PMSE layer
latitudes. We can draw the following main conclusions. are not consistent with the latter mechanism and can be

_y . due to NO enhancement, as at MARA.
1. PMSE reflectivities at both locations have a lognormal ! S

distribution with a peak close tgy =5x 10 1®m~. 6. Zonal-mean NO v.m.r. at PMSE heights measured by
The position of the peak increases only slightly with in- the SMR instrument on the Odin satellite show a de-
creasing levels of geomagnetic disturbance. The high-  pendence on geomagnetic activity level which is quali-
reflectivity tail of the lognormal distribution is more tatively and quantitatively consistent with the PMSE re-
pronounced at ESRAD, particularly for high levels of sponse at MARA and at ESRAD in the afternoon sector.
disturbancek > 3). NO v.m.r. is lower at geomagnetic latitudes poleward

of 75° than in the auroral and sub-auroral zones (55—

2. PMSE has the same occurrence rate at the two sites o o X .
75°), which is qualitatively consistent with the weaker

after solstice, with little dependence on magnetic ac- . .
tivity level, provided that the threshold chosen for de- PMSE reported from Davis, Antarctica, a_nd Resolute
ciding on occurrence is below the peak 7at = 5 x Bay, _anaqia, compared .to auroral zone sites. However,
10-16m-1. Before the solstice, PMSE at MARA starts the difficulties of measuring the very low NO v.m.r. at
about 10 days later than PMSE at ESRAD and occur- the highest latitudes preclude a quantitative comparison.

rence rates increase with increasing disturbance levyyhije pMSE observations are certainly useful for monitor-
els. This is in contrast to published studies compar-jng the seasonal morphology of the cold summer mesopause,
ing PMSE at Davis, Antarctica, with Andenes, Norway, it wjj| pe difficult to use their occurrence rates and strengths
which have found much weaker and less frequent PMSE, ionitor long-term temperature changes or to determine
in the SH throughout the seasdmfteck et al. 2008  56rage temperature differences between the hemispheres.
Morris et al, 2009. PMSE reflectivity is simply too sensitive to magnetic activ-

3. If occurrence statistics are based on a threshold aboviy conditions, which vary widely between seasons and affect

the peak in the lognormal distribution, PMSE has a different locations in different ways, and include delayed ef-
higher occurrence rate at ESRAD than at MARA, and fects likely due to NO. Low PMSE detection thresholds, and

occurrence rates are significantly higher in disturbedc@reful correction for effects related to geomagnetic distur-
conditions than in quiet conditions. This may explain bances, will need to be used before any conclusions can be

the much lower PMSE occurrence rates earlier reportedirawn about the underlying ice particles and the temperature
from Davis and Resolute Bay tteck et al, 2008 Mor- conditions which determine their properties. Other properties
ris et al, 2009 Swarnalingam et g/2009, compared of PMSE, which may be more closely related to the charac-

to Andenes, where relatively high detection thresholdsteristics of mesospheric ice particles, such as aspect sensitiv-
were applied § = 5 x 10-°m~1). The enhancing ef- ity and spectral width, should be explored as alternatives.

fect of geomagnetic disturbances can be expected to be

much higher at the auroral zone site, Andenes, than a'tA\ nowled oy s with MARA ¢ of th
the polar cap sites, Davis and Resolute Bay. cxnowledgementsvieasurements wi were part of the

SWEDARP and FINNARP expeditions to Queen Maud Land,
4. PMSE reflectivity at MARA shows a delayed enhance- Antarctica, 2006/2007, 2007/2008, 2009/2010, 2010/2011, and
ment with increased disturbance level. a uniform re-2011/2012. Operations at Troll are supported by the Norwegian Po-
. ’ : lar Institute. This research has been partly funded by the Swedish
sponse over local time, and a weak response in the up: )
P . . P . pResearch Council (grants 621-2007-4812 and 621-2010-3218), the
per heights of the PMSE layer, which are not consistent ; . ) .
. : . . . Kempe Foundation and Knut and Alice Wallenberg’s Foundation,
with enhancement due to immediate increases in elec

. i . > 71 =EYSweden. ESRAD is maintained and operated in collaboration with
tron density caused by energetic particle precipitation.jhe syedish Space Corporation, Esrange. Particular thanks are due

A likely explanation is that a slow increase of NO, in {5 the polar logistics teams and to the Esrange staff for tech-
response to local or non-local energetic particle precipi-nical support. We thank also the Leirvogur Magnetic Observa-
tation in the magnetic night-morning sector, provides atory, University of Iceland, for providingk indices. Odin is a
basis for higher electron density to be produced by solarSwedish-led satellite project funded jointly by the Swedish National
EUV radiation during the following day(s). Space Board (SNSB), the Canadian Space Agency (CSA), the Na-
tional Technology Agency of Finland (Tekes), the Centre National
5. PMSE reflectivity at ESRAD shows mainly an immedi- d'Etudes Spatiales (CNES) in France and through the 3rd party mis-
ate enhancement with increased magnetic disturbanceion programme of the European Space Agency (ESA).
level and a response which is strongest in the mag- Topical Editor C. Jacobi thanks D. Newnham and one anony-
netic evening-night-morning sector, qualitatively con- mous referee for their help in evaluating this paper.
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