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Abstract.  The correlation between variations in Po-  Ariometer (Relative lonospheric Opacity meter) measures
lar Mesosphere Summer Echoes (PMSE) and variationshe absorption of radio noise from the stars (“cosmic noise”)
in energetic particle precipitation is examined. PMSE in the ionosphere. Riometers usually operate at frequencies
were observed by the Esrange VHF MST Radar (ESRAD)between 25MHz and 50 MHz, where radio waves are ab-
at 6753 N, 21°06 E. The 30MHz riometer in Abisko sorbed when there are significant numbers of free electrons
(68°24 N, 1854 E) registered radio wave absorption causedbetween 60 and 110 km altitudes. They make continuous ob-
by ionization changes in response to energetic particle preservations of the noise level and thus are used to observe de-
cipitation. The relationship between the linear PMSE inten-creases in the noise relative to the quiet day level, when high-
sity and the square of absorption has been estimated using thenergy particles precipitate and cause increased ionization.
Pearson linear correlation and the Spearman rank correlation. Czechowsky (1989) found a weak positive correlation
The mean diurnal variation of the square of absorption anchetween 30 min mean average values of PMSE signal-to-
the linear PMSE intensity are highly correlated. However, noise ratio (SNR) and absorption during a period of 50 h in
their day-to-day variations show significant correlation only June 1984. This was interpreted as an indication of a non-
during the late evening hours. The correlation in late eveningdominant influence of energetic particles on the strength and
does not exceed 0.6. This indicates that varying ionizationoccurrence of the PMSE. Kirkwood et al. (1995) examined
cannot be considered as a primary source of varying PMSEthe occurrence of PMSE at 46.9 MHz and 224 MHz and en-
and the high correlation found when mean diurnal VariationSergetic particle precipitation during a period of solar maxi-
are compared is likely a by-product of daily variations causedmum, July—August 1991, when the solar produced ionization
by other factors. was substantially increased in the upper atmosphere. No sta-

Key words. lonosphere (particle precipitation) Magneto- tistical correlation was found using 1-h binned data, except

spheric physics (energetic particles, precipitating) Meteorol-for & few individual events for PMSE detected at 224 MHz
ogy and atmospheric dynamics (precipitation) and riometer absorption at 30/38 MHz. Klostermeyer (1999)
and Bremer (2000) have investigated PMSE variations dur-

ing periods of low solar activity. Klostermeyer (1999) anal-
ysed the daily variation of radar reflectivity and the square
of absorption with reference to a two-ion ice particle model.

. . A strong correlation was reported for evening and morning
T e Ecrosfents. However, i as note hat s fct might ot be
and semidiurnal tidal winds and temperature variations (e gva"d dyrmg strong absorption event;, since the model as-
Barabash et al., 1998; Klostermeyer, 1999). However, the s.,it:S umptlon that the (.alect.ron goqcentrat|on 'S less thar_l th? ce

: ! ' . ' ) - particle concentration, is satisfied only during low ionization
uation becomes more complicated when the echoes’ variabil*

ity could be modified by extra ionization, added by precipi- conditions. Bremer (2000) calculated the correlation coef-

tating eneraetic electrons from the maanetosohere or hi hficient for SNR and riometer absorption for morning hours
9 9 9 P 9 using data averages over time periods during June and July

energy particles from the Sun. A number of investigations, the years 1994 and 1997. These correlation coefficients
have been made on the possible relationship between PMSEd not exceed 0.37 '

and “absorption” registered by a riometer (e.g. Kirkwood et ) :
P 9 y (e.g This study presents a comparison of PMSE detected at

I, 1 ; Kl 1 ;B l., 2 . . . -
al., 1995; Klostermeyer, 1999; Bremer et al., 2000) 52 MHz and riometer absorption at 30 MHz. Correlation co-
Correspondence tdS. Kirkwood (sheila.kirkwood@irf.se)  efficients are computed both for the mean diurnal variation

1 Introduction
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PMSE: 28 May- 24 July 1997 3 Riometer data

100

or . During the propagation of radio waves in an ionized medium,
part of the wave energy is deposited in the forced oscilla-
tory motions of the free electrons. This energy is re-radiated
or I unless the electrons collide with the heavier ions, neutral
atoms and molecules of the gas. The energy is thus absorbed
from the wave. The integrated radio-wave absorption (non-
deviative), A, along the given path has a form (e.g. Harg-

80 |
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% of time present
(5]
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40p . reaves, 1992):
30 2
N
A= 4 / v ds,

20} 1 2eme ) (0 + wp)? + v2
1or i wheree andc are the permittivity and speed of light in free
0 . . . . . . . space, respectively,andm are the electron charge and mass.

° ’ ° e N andv are the local electron density and collision frequency

values,w; = w, cosh is the longitudinal component of the
Fig. 1. Occurrence rate of PMSE during the period 28 May-24 July electron gyro frequenay., o is the angular frequency of the
1997 as a function of time of day. wave propagation at an anglewith the geomagnetic field
along the pathy. The positive and negative signs in the de-
nominator refer to ordinary and extraordinary waves. In the
and for the day-to-day variation (1-min time intervals). The D-region (60-90 km), the collision frequency is determined
period of study is the summer of 1997, during low solar ac-majnly by electron-neutral interactions. Enhancements in
tivity. the electron densitied/, as well as increases in the colli-
sion frequencie®, may cause enhanced absorption. Thus,
processes which increase the ionization densities in regions
2 MST radar data where the collision frequencies are significant (e.g. energetic
] particle precipitation in the D-region) or processes that in-
During the summer of 1997, the MST radar (ESRAD) 10- ¢ease the collision frequencies where the electron densities
cated at ESRANGE (6B3 N, 21°06' E) in northern Swe- 516 jarge (e.g. electron temperature increases in the E-region,
den made continuous measurements of PMSE. ESRAD 0pgg_140 km) may cause radio-wave absorption events.
erates at 52 MHz with 72kW peak power and a maximum  continuous measurements of absorption (our proxy for
duty cycle of 5%. The antenna consists of axl22 array  gnergetic particle precipitation and ionization) in this study
of five-element Yagis with a.0i spacing. During the PMSE  \yere provided by the La Jolla fast-response solid-state ri-
measurements, the radar beam was directed vertically and gmeter observing at 30 MHz, which is located in Abisko

16-bit complementary code, having a Baud length pfS1 @04 N, 18°54 E). The absorption has been calculated ac-
was used. This corresponds to a height resolution of 150 Meording to:

The sampling frequency was set at 1450 Hz. The local solar
time at the radar site is 84 min later than UT. Py

In a separate study by Kirkwood et al. (1998) using ES-4 = 1010g0 7
RAD, it was shown that the prevalence of PMSE reached al-
most saturation (24 h present) during the period between 28here A(dB) is the cosmic noise absorption in decibe?s,
May and 24 July 1997. This period was also characterized bys the power output in the absence of the ionospherefand
the lowest mesospheric temperatures and a stable westwaislthe signal power output of the riometé depends on the
wind pattern. Since the seasonal variation of PMSE was mindirection of the antenna relative to the stars and it changes
imum during this period, it has been chosen particularly forin a cyclic manner due to the rotation of the Earth (with a
the present study. period corresponding to the sidereal day). It should also be

Echoes have been judged to be present if the signal-tonoted that this operating frequency, 30 MHz, has been found
noise ratio (SNR) exceededl10dB. SNR values exceeding to be the best compromise between the ionospheric layer crit-
50 dB have been excluded, since they represent technical limieal frequency and the ability to avoid interference from the
its. The radar data have been median filtered with a time reserowded short-wave bands (Hunsucker, 1991).
olution of 15min and a height resolution of 900 m. Averag- The occurrence rate of different absorption levels is pre-
ing of the observations yields diurnal variations of the occur-sented in Fig. 2. The data have been median filtered with
rence rate with a pronounced minimum at 19:00-22:00 UTa time resolution of 15min. There is a clear minimum at
(Fig. 1). For the remainder of the analysis, only the max-18:00-22:00 UT in absorption in the range of 0.5-1dB. This
imum values of SNR in the height range of 80—90 km for is expected as a consequence of electron drift in the mag-
each sampling time are considered. netosphere. An increase in absorption occurs in the late
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Fig. 2. Occurrence rate of different absorption levels during the Fig. 3. Scatter plot of linear signal-to-noise ratio versus the square

period 28 May—24 July 1997 as a function of time of day. of absorption for the mean daily variations for the period 28 May—
24 July 1997. Data have been averaged over the entire interval,
binned into 1-h UT time intervals.

evening and morning hours which is mainly due to the au-

roral substorm activity. The latter is considered to be related

to large-scale instabilities in the tail region of the magneto-the terma AT to be less than 0.1 and, therefore, negligi-
sphere (Akasofu, 1977; Kan et al., 1991; Rostoker, 1996)ble. However, since the termAT might vary for different
(The daily variation of low absorption is opposite to that for heights and time periods, the above-mentioned assumption is
high absorption, since the sum of all curves together must béikely to be considered only as a rough approximation for our
100%). study. According to electron density profiles from the EIS-
CAT Troms radar (Friedrich and Kirkwood, 2000), the term
B(Chy)~14, whereg = 1.81 (Klostermeyer, 1999), is also
negligible for solar minima, i.e. for the year 1997. Therefore,

. . the radar reflectivity becomes a linear function of the square
The absorption depends on the electron collision frequency y q

and the electron density, both of which vary with altitude. of absorption.

However, it was shown by Friedrich and Torkar (1983, 1995)t' Sl?fhe tge r:tdarttreflzctl_vlty Ih as beetn ?he teorl_mlnefl as a ra:c-
that the particle-generated electron concentration in the p-0 OT the backscatlered signal power to the diurnal mean o

region is linearly correlated with the absorption measuredthe noise (Klostermeyer, 1999), an SNR should be copsid-
in decibels. Using the two-ion ice particle model, Kloster- ered. In the present study, the rglatlonsh|p betwgen the linear
meyer (1999) suggested a possible relationship between th‘t%NR and the square of absorption has been estimated by two

radar reflectivity,o, and the absorption of the cosmic noise methods: by Pear_son or linear correlation and_by the Spear-
caused by the particle generated electrdns man rank correlation (Wilks, 1995). One can view the Pear-

son correlation as the ratio of the sample covariance of two

4 Comparison of riometer data with MST radar data

o = (1+aAT) [ﬂ(ChX)_lA T yLZ] 7 variables to the product of the two standard deviations:
wherey is the Sun’s zenith angl€, is the Chapman func- .~ _ covix, y) -
tion,a = dIna/dT atT = Tp. Furthermore y SxSy

5 tdz\, 5 This correlation has two limitations: it is neither robust nor
a=bexp 0 n /h” resistant. It is not robust because strong yet nonlinear rela-

tionships between the two variables may not be recognised.
whereh is a scale heightd is a factor depending on the It is not resistant since it can be extremely sensitive to one
radar Bragg wave number, kinematic viscosity, energy dissi-or a few outlying point pairs. A robust and resistant alterna-
pation rate of the neutral gas, Bruntigilla frequency and tive to the Pearson correlation is the Spearman rank correla-
the Schmidt number of the electron gg@isandy depend on  tion, which is the Pearson correlation coefficient computed
a(Tp) and on the proportionality factors in the linear relation using the ranks of the data. Thus, while the Pearson corre-
betweenng, the electron concentrationC i X)‘l‘4 and L2 lation coefficient reflects the strength of linear relationships,
Using the model predictions for the diurnal and semidiur- the Spearman rank correlation reflects the strength of mono-
nal tides at a height of 85km, Klostermeyer (1999) found tonic relationships. An approximate formula for predicting
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28 May—-24 July 1997
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Fig. 4. Pearson correlation coefficient and Spearman rank correlation coefficient computed for day-to-day variations for each 1-min UT time
interval over the day. Calculations are based on the square of absorption and linear signal-to-noise ratio data taken over all the observatior
days for each particular time interval.

the 95% confidence level is given by (Bloomfield, 1975; Ju- Pearson coefficients are below the 95% confidence level for

lian, 1975; Franke et al., 1992): most of the day. The Spearman rank coefficients are gener-
12 ally less than the Pearson coefficients, which is likely to be
1 related to the statistical distribution of the data points: for

S0.95 = <l — (009 N_1> ’ example there are “outlier” pairs that bias the Pearson coeffi-

cients. The more robust Spearman coefficients indicate cor-

where N is the number of independent data samples in therelations exceeding the 95% confidence level only between
time series. about 20:00 UT and 06:00 UT, and then only during part of

Figure 3 illustrates the correlation between the mean dailythat time period. For the interval 20:00-06:00 UT, on aver-
variation of the square of absorption and the linear SNR, av-age, the correlation coefficient is about 0.3, i.e. less than 10%
eraged over the period 28 May — 24 July 1997, for each houof the PMSE variation is correlated with variation in absorp-
of the day. Pearson and Spearman correlation coefficientgjon.
and 95% and 99% confidence levels, are indicated on the fig- To further test the possible correlations, we have also di-
ure (V is the total number of points as given on Fig. 3). Both vided the data according to the absorption level. Correlation
Pearson and Spearman coefficients are rather high, i.e. 0.7efficients for different absorption levels are presented in
and 0.65, respectively, and well above the 99% confidencd-igs. 5 and 6. Figure 5 shows the results for low absorp-
level. Using the more robust Spearman rank coefficient thigtion, i.e. equal to or less than 1é&Band Fig. 6 shows the
indicates that 43% of the daily variation in PMSE intensity results for absorption above 1 éBIn the latter case, there
(SNR) can be statistically explained by the daily variation in are no results for part of the day (10:00-22:00 UT) due to the
absorption. rather low occurrence rates of higher absorption values. It is

However, the situation changes completely if we insteadseen that the Spearman rank coefficients exceed 95% confi-
correlate the day-to-day variation of PMSE and absorption,dence levels only between 20:00-24:00 UT (for low absorp-
separately for each minute of the day, i.e. we take a timetion levels) and their maximum values in this time interval
series consisting of the average PMSE SNR between 00:0@re about 0.45. This means that even during the time interval
and 00:01 UT on each day between 28 May and 24 July 199720:00—24:00 UT, no more than 20% of the day-to-day PMSE
and test the correlation with the absorption at the same timeszariation can be explained (statistically) by the variation in
This is repeated for each minute of the day, and the resultsibsorption. The correlation coefficients were also computed
are shown in Fig. 4. It is clear that both the Spearman andor absorption less than 0.5dB, but the results were not sig-
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Fig. 5. Same as Fig. 4, except that only data for which the square of absorption was less tifamerelBsed when calculating the correlation
coefficients.

nificantly different from Fig. 5. the other hand, the recombination coefficients of water clus-
ters with electrons are greater than those for'Nehd O .
Therefore, it might be suggested that the water clusters are
5 Conclusion more easily destroyed during the intensive absorption event,
which could decrease the expected positive correlation be-
In the quiet D-region, the primary ions are typically 80% tyeen the riometer absorption and SNR.
NO™ and 20% Q. NO* provides the primary source of  apother aspect of PMSE microphysics that should be
electrons in the lower thermosphere and mesosphere, and gfentioned is aerosol charge. The charge of an ice aerosol
f[alns a minimum yalue_ between 80 and 90 km he_lgh_t due_todepends on the balance between the ion and electron content
its photodissociation with the subsequent recombination withy, its surface. Jensen and Thomas (1991) found a charge
N4S'. The depth of the minimum NOconcentration is de- mber of—1 for radii less than 10nm, and a linearly in-
termined by the equilibrium between photochemical loss and; e sing charge with the aerosol size. Reid (1997) noted that
downward transport (Brasseur and Solomon, 1986). Duryhis result will also depend on the ionization rate, and for a
mg particle precipitation events, the amounts of N@nd oy ionization rate, all electrons and ions will be attached
07 are increased, althoughjOncreases most and becomes by aerosols, so that deep bite-outs will occur in electron and
dominant. At low temperatures three-body clustering §f O positive number density profiles. As the ionization rate in-
becomes important. First the ionJ@H20) and then the creases with increased energetic particle precipitation, the
ion Of (H20), appear. A further addition of water leads ion-electron balance on the aerosols would be changed and
to the conversion of g)(HZO)z to Ht(H20),, and then to  thus an increased negative charge of the ice aerosol would be
higher hydrates (Wayne, 1991). Clusters with between 3 angxpected.
12 water molecules have been registered during the rocket- However, since the correlation between the linear signal-
borne mass spectrometric experiment in Kiruna (Kopp ando-noise ratio and absorption on a day-to-day basis is rather
Herrman, 1984). The rate of clustering is limited by a pro- weak, the variations in ionization cannot be considered as a
cess the rate of which is proportional to the pressure squaregdrimary source of varying PMSE. The high correlation found
and is thus highly altitude dependent. The direct hydrationwhen averages over several days are computed is not likely
process involving NO has been found to be much slower to be a sign of a causal connection between SNR and ab-
than for q and extremely sensitive to temperature changessorption, but rather a by-product of the fact that both absorp-
Therefore, it seems that particle precipitation creates condition and PMSE have strong daily variations caused by other
tions more favorable for the water clusters to be formed. Onfactors not considered in our analysis. One feature in the
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Fig. 6. Same as Fig. 3, except that the Pearson correlation coefficients and Spearman rank correlations coefficient were computed for 1-min
intervals. Also, only data for which the square of absorption was greater thahet® used when calculating the correlation coefficients.

daily variation which is of particular interest is the deep min- ing solar maximum, because high solar activity levels are ac-
imum in PMSE between 19:00 and 22:00 UT (see Fig. 1). ltcompanied by increased Joule heating, injection of energetic
has been suggested, for example, by Klostermeyer (1999)particles and increased intensity of extreme ultraviolet and
that this is simply due to low levels of ionization, in turn Lyman « radiation, which can influence the dynamics and
due to the low solar elevation and the low levels of ener-chemistry of the upper atmosphere, in general, and the ion-
getic particle precipitation. The timing of the minimum does ization of the PMSE region, in particular. Nevertheless, as
not coincide with the lowest solar elevations, which occurthe PMSE demonstrates the very same diurnal variation for
at 22:40 UT (local solar midnight). Note that for the dates solar maximum and solar minimum, it seems likely that some
used there will still be some solar radiation reaching PMSEfactor other than ionization, for example, temperature, is the
heights even at solar midnight. In any case, for the radar lo-most important cause of both daily and day-to-day variations
cation in the auroral zone, energetic particles are generally in PMSE.

far greater source of ionization at these altitudes than is solar

radiation. However, the analysis in Fig. 4 clearly shows thatAcknowIedgementsWe thank Dr. J. Manninen from the Sodariyl

a lack of <_an_ergetic particles cannot be the explanation for thQBeophysicaI Observatory in Finland for providing the riometer data
PMSE minimum between 19:00-22:00 UT, both the Spearom anisko.

man and Pearson correlation coefficients are very small, less  Topical Editor D. Murtagh thanks T. A. Blix for his help in
than 0.1, and well below the 95% confidence level for almostevaluating this paper.

all of the 19:00-22:00 UT interval, i.e. significant levels of

ionization, enough to produce variations in the observed ab-

sorption exceeding 0.5dB 10% of the time, are simply not
correlated with any changes in PMSE intensity. Note that
0.5dB absorption corresponds to about 5 times the normal

undisturbed ionization level produced between 80 and 90 km}l‘k‘asof.u Sl Physics of Magnetospheric Substorms, D. Reidel
Publishing Company, Holland, 1977.

aItitl_Jde at solar minimum by thg m_idday Sun _and at IeaStBarabash, V., Chilson, P., Kirkwood, S.£6hou, A., and Stebel,
20 times that produced by the midnight Sun (Kirkwood and i . hvestigations of the possible relationship between PMSE
Collis, 1987; Kirkwood 1993). and tides using a VHF MST radar, Geophys. Res. Lett. 25, 3297
3300, 1998.
The present analysis was completed for a period of soBloomfield, P.: Fourier Analysis of Time Series: An Introduction;
lar minimum. Quite different results might be expected dur-  John Wiley, New York, 1975.
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