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Abstract. In this work we perform a statistical analysis of  For | events a further classification has been made on the
the ionospheric echo response observed by six radars of theasis of IMF orientation: this suggests that the effects sum-
SuperDARN network in the Northern Hemisphere, over 236 marized above are due to the Sl itself.

Sudden Impulses (SI) of solar wind dynamic pressure event - "
(from 1997r:hr0ug§1 22)00). For that pL)J/rpOSG \F/)ve make use O?eywords. lonosphere (lonospheric irregularities) — Mag-

MRS, the Mean Rate of Scattering, as a function of time dur—r.lgazs_pshcﬁ;fwﬁgiz(;s nEeI\tA:s gnhe(;c:); ipnr;geel:ggr?ss)phere Interac-
ing the Sl event. We classify the events in sudden increases {' ' g P

events, 144 cases) and decreases (D events, 92 cases) of the

solar wind dynamic pressure. Moreover, we make use of the

AE index to define two distinct conditions of the ionosphere 1  Introduction

under which each event may take place: Quiet and Disturbed.

Regarding Quiet conditions, for both | and D events, we findSudden Impulses of solar wind dynamic pressure (Sl)
that MRS displays an increase related to the Sl time. Orhave long been known to trigger a global response of the
the contrary, for Disturbed conditions, D events display anmagnetosphere-ionosphere system. Sls are sudden varia-
increase in MRS, while | events show a clear dip. The simi-tions of the solar wind dynamic pressure associated with
larity of response for | and D events under Quiet conditionscorotating and travelling solar wind shocks and tangential
is briefly discussed, but the smaller number of D events doesliscontinuities, whose effects on the magnetosphere extend
not allow one to further analyse them. from hours to daysSibeck 199Q and ref. therein). A

As for the | events, a latitudinal analysis shows that thePressure perturbation generates a compressional MHD wave
MRS increase for Quiet conditions is seen both at low lat-Which will propagate in the magnetospheric cavity. Coupling
itudes (60—70°A) and at high latitudes (?6-80°A); for to the ionosphere requires the generation of a Field-Aligned
Disturbed Is the MRS decrease is stronger at high latitudesCurrent (FAC) system that is carried by a field-guided
We suggest that the MRS increase for Quiet Is can be dud\Ifvén mode, thus leading to the formation of characteristic
to two different mechanisms: 1) a soft electron precipitationVorteX'”ke structures, whose signatures are well identified in
induced by Field Line Resonances (FLR) or loss cone in-ground magnetometers (e griis-Christensen et 11988
stability at lower latitudes; 2) an enlargement of the cusp atAraki, 1994 Sibeck et al. 2003 For a discussion on the

higher latitudes, which in turn may induce enhanced particleMHD modes formation and coupling, s&»uthwood and
precipitation. Kivelson 1990. Following Araki (1994, both positive

For what concerns Disturbed Is, the MRS decrease can b\éananons (sudden compressions of the magnetopause),

. L and negative variations (sudden relaxations of the mag-

produced by a higher energy electron precipitatist keV), . )
o . netopause) of the solar wind dynamic pressure, should
that enhances the electron density in the E and D regions. ) .
. . . ; act on the magnetosphere-ionosphere system in the same
This provokes a strong absorbtion of the radio waves in the

) ; . . ; way, but for the FAC direction and the vortex circulation
D region and a higher refraction in the E region, leading to a . o
decrease in MRS, especially at higher latitudes sense, which should be opposite in the two cases. Recently,
' ’ Takeuchi et al.(2000 made a case study of a negative

sudden impulse, and found a good agreement with Araki's
Correspondence td: Coco picture. Thorolfsson et al(200]) reported about two Sls,
(igino.coco@ifsi.rm.cnr.it) one positive and one negative, with a few hours separation.
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[Femevarge= 3000 W : In this study, we investigate possible global effects of Sls

' ; on the amount of backscatter from SuperDARN radars over
a large set of events. Radar echoes, in fact, come from den-
sity gradients associated with plasma instabilities in the iono-
sphere, which can be affected by enhanced precipitation lev-
els, for example, as described Blgou and Tsurutan(il999.

In Sect.2 we describe the data set. The analysis method
is detailed in Sect3, while Sect4 is devoted to the full de-
scription of the results. The work is then completed by a
discussion and a summary in Se&snd®6.

2 Description of the data set

The present work is based on data collected by the following
six coherent SuperDARN HF radars in the Northern Hemi-
sphere: Hankasalmi, Thykkvibaer, Stokkseyri, Goose Bay,
Kapuskasing and Saskatoon. AE index and WIND data have
also been used for classification purposes. The principle of
operation of SuperDARN is fully described @reenwald

et al. (1995. Here we shall only recall that the radars op-
Fig. 1. Location and fields of view of the SuperDARN radars used grate synchronously and continuously in a frequency range
in this §tudy. The thick line contours markg@0° and 80 Invari- 8—20MHz, and record the backscattered signals from the
ant Latitudes. ionosphere. Figuré shows the fields of view of the radars
listed above: each one covers®°5 azimuth, through 16

. ... discrete beams, while the echoes are sorted in 45-km range
They made a comparison between GOES-8 magnetic field g

NOAA-14 particl itati G land ; ) gates, from 180 km to 3500 km from the radar. Data are ac-
-4 particle precipitation, fsréeniand magnetome erquired in 2-min scans, all starting at even minutes. From the

%omplex autocorrelation function of the backscattered sig-
determined through the SuperDARN Stokkseyri radar. The P 9

d learlv sh db ¢ enh d veloci h nals, it is possible to derive the horizontal ambient plasma
:f art.cear{j S .°""te . ursts of enhance ‘;e O_fr']tyv "‘; 9S&elocity along the line of sight, the spectral width of the

Irection and orientation were In agreement With VOTUCES 1, o 55y e velocity and the Signal-to-Noise Ratio (SNR) (e.qg.
formation as predicted b&raki (1994). Zhou and Tsurutani

. . Hanuise et aJ.1985 Villain et al., 1987. Signals reflected
(1999, through the observation of two positive Sis, SUggeStyice in the ionosphere and backscattered from the ground

:Eat the Firefhs U;F plg Ise, scciq.?eeilhngf.tr}z Imagnetopaljtse fro e known as groundscatter. They are characterized by very
| eanfe 0 the Tianxs, nl?] nes edl'e | mE.S gt‘?ome Y o velocities and spectral widths, and have been excluded
€ads 1o an Increase n the perpendicular KINetc energy O, 1he analysis described herein. The WIND Magnetic

the trapped particles. This results in a loss cone instability,Field and Solar Wind Experiments are describedLiep-
with excitation of whistler modes and enhancement of pltchping et al.(1995 andOgilvie et al.(1995. The provisional

angle scattering, thus inducing particle precipitation in the E data used herein have been obtained from the World

ionosphere. Many other case studies have been publish ata Center for Geomagnetism, Kyciattp://swdcdb.kugi.
(e.g. Russell et al.1994 Liou et al, 2002; nevertheless, kyoto-u.ac.jp/aedirl) '
very few statistical works on SIs have been don8itar Al th.e s.ummary plots of WIND data from November

et al. (1996 selected 2.7 Pressure Increases and 16 pressur 997 to September 2000 were visually inspected and 236 S
decreases of solar wind dynamic pressure, and examine . e ;
events were identified, 144 Increases (I) of solar wind dy-

the statistical response of the east-west component of the " ™. . ’
- flamic pressure and 92 Decreases (D), meeting the following

geomagnetic field, as measured by the magnetometers of. =~ "

the Greenland chain. They found that the ground responsgme”a'

does not consistently conform to existing theoretical models

of field-aligned currents generated by changes in dynamic 1. Solar wind dynamic pressure roughly constant over at

pressure. To this respect the authors give several caveats, for ~1€ast one hour prior to the SI,

example, the fact that the magnetometers are highly sensitive

to local features and perturbations in the ionosphere, and that 2. |Ap|>3nPa, whereAp is the jump (positive or nega-

the filamentary FAC induced by a Sl could not have enough tive) in pressure,

energy to produce a Hall current system strong enough, in

order to be detected by a magnetometer. 3. Ar<10min, whereAt is the rise (fall) time of the pres-

sure jump.
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For each event we calculate a delay between the WIND 10
event time,Tw;np, and the expected arrival time on the 8L -
ground simply as:
X
At = —, (2)
Ux

whereX is thex component of the WIND position in GSM
coordinates, and, is the corresponding solar wind velocity
component. On this basis we defined an expected event time—

on the ground a8, =Tw,;yp+At. For each event we built
a database comprising of: =

— One hour of WIND plasma parameters (pressure, den-
sity and velocity with 90-s resolution) and IMF data
(with 1-min resolution) centered dfyy;n p,

— One hour of AE index (with 1-min resolution) data cen-

tered onTy,

— One hour of SuperDARN data (with 2-min resolution),
also centered offi,, from the six listed radars. T(min)

In the present study we make use of a simple parameterig. 2. S| event observed by WIND at 21:00 UT on 20 Febru-
to measure the amount of backscatter recorded by a radar asy 2000. From top to bottom: solar wind dynamic pressure mea-
a function of time during each one hour period. For eachsured by WIND, geomagnetic AE index, number of ecmgau?R,
event we define a time interval spanning frerB0 to 30 min summed over all beams and ranges for each two-min bin, for the
about a central Umé’zo' Corresponding tdwiND for the Goose Bay (Solld CUrVe) and Kapuskasing (dashed CUrVe) radars.
wind data and ol for the ground-based data. This time The tirr_le axis ranges from30 to 30 min around the centr@l=0
range is then divided into 15 negative and 15 positive 2-min€Vent time, which corresponds 1y, v for the top panel and to
bins, each one corresponding to a complete radar scan. LeT'é' for the middle and bottom panels.
us consider a 5-dimensional matriXev, R, b, r, t;), where
ev andR refer to a given event and radarandr to a given
beam and range, angis the center of a two-minute bin. The asharp bipolar pulse &~—5 min, resulting in a netincrease
matrix elements are set to 1 if its echo is not classified afdy 70nT, followed by some oscillations lasting 8 min and a
ground scatter and has a SNR greater than 6 dB; otherwiséglow decrease over 30 min to the pre-Sl level. The Goose
they are set to 0. In a statistical study over a long time periodBay and Kapuskasing number of echoes undergoes a 10-min
Ruohoniemi and Greenwald 997 set a threshold of 3dB; broad peak starting dt=0, possibly preceded by a dip start-
on the other handallatore et al(2001) used a threshold of ing a few minutes before. We interpret the AE and Super-
6 dB. In our case, since the data set is considerably smallePARN response as a result of the SI observed at WIND. If
we chose a 6-dB threshold to sort relatively stronger signalsthis is so, the timing of the observations implies that the 43-
possibly independent of instrumental/noise effects. min time shift applied through Eq1l to the ground-based

Figure2 shows an Sl event from our data set, which was data is overestimated by at least 5 min. The example ofFig.
observed by WIND affyy;yp=21:00 UT on 20 February shows that the delay calculated as in B .i§ subject to sig-
2000. From top to bottom, the three panels display as a funcnificant errors. We will devote part of the discussion (Sgt.
tion of time: the solar wind dynamic pressure, the AE geo-to this point.

magnetic index, and,,, . () for the Goose Bay (solid line) In order to have a first direct insight into the statistical sig-
and Kapuskasing radars (dashed line), where nificance of the data set, all the echoes were sorted according
to magnetic latitudeA), and MLT. TheA x MLT space is di-
/ _ .
Mev g (1) = ; Z n(ev, R, b, . 1;). (@ Vided into cells of 2 in magnetic latitude, between 5@nd
-

90° A, and one hour in MLT. For each such cell we then cal-

The time axis ranges from30 to 30 min around the central culate the total number of echoes,NN(MLT), by summing
T=0 event time, which corresponds To/;yp for the top  over all radars, all events and time bins. FigBidisplays the
panel and td’, for the middle and bottom panels. This same resulting A xMLT plot, in logarithmic units. We notice that
time axis shall be used in all figures hereafter. most echoes are concentrated betweeha@tl 68 A, with

Prior to the Sl, the solar wind pressure was close to 2 nPaa minimum around 10 00~11 : 00 MLT and a maximum
exhibiting only small fluctuations. AT'=0 the pressure around 23:00 MLT. The backscattered signal is also seen at
jumped to more than 6 nPa and decreased slowly betweehigher latitude, between 72and 76 A, limited to the day-
T~16 andT'~30 min to about 5nPa. The AE index displays side, and corresponding well to the ionospheric footprint of
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All radars - All events Log N(A,MLT) 53x10° [T | | N | A 32x10°
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Fig. 3. Isocontours of the number of echoes summed over all radars, 20k A | ) ) | .
events and two-min bins, in cells of 2Magnetic Latitude,A (x 230 20 -10 0 10 20 30
axis), and one hour MLT)( axis). The log-number of echoes is T(min)

coded according to the color scale on the right.

Fig. 4. The upper panel shows the number of echoes vs. time for
) ) Increases (114 events, black curig,, left axis) and Decreases (64
the cusp regionewell and Meng1992. These characteris- events, grey curveNp, right axis). The lower panel shows MRS
tics are consistent with other statistical works that made us&s. time for | (black curve) and D (grey curve) events. The red lines
of larger SuperDARN databasellifan et al, 1997 Ruo-  superimposed on the curves highlight the main trends.
honiemi and Greenwald 997 Ballatore et al.2003; Villain

etal, 2002. _or(%)

"~ VNew

By examining the two ensembles of 144 Is and 92 Ds, de-
fined in Sect.2, one sees that a certain number of events
tI’1as very few echoes. According to Eqd),((5) and 6),
such events lower MRS and enhance the variance. On the

. other hand, their contribution to the total amount of scatter is

Lr 2 Ly 1€V R b1 1) x 100, (3)  negligible. Therefore, as a compromise between the neces-

sity to have large statistics, and to clean MRS and variances
wheren;o (ev)=> p >, > > . n(ev, R, b, r,1;) is the to-  from statistical noise, we choose to remove the events with
tal number of echoes for an event Other authors have cal- 7., (ev)<1000. This seems reasonable if one considers that
culated RS in different ways. For exampRallatore et al.  the total number of available cells for each event is 216 000
(2001 calculated RS as in Eq3), but used 6-min bins; (6 radars, 16 beams, 75 ranges, 30 time bins). In the follow-
moreover, they subtracted an average daily modulation, caling analysis we then proceed with a reduced data set of 178
culated over one-month intervals. On the contrary, the subevents: 114 Is and 64 Ds.
traction of such a modulation is not necessary in the present
study, as Rates of Scattering are averaged over various event
subsets to evidence the characteristic response to Sls pertalﬁ Description of the results

ng t%dlﬁeregt co?dltlons F(Lrg gf|venhset of events, Wf Ca”ThIS study is aimed at evidencing the global main effects of
tegr:}ntg elvrlgg tﬁre?/aerzl\;ennot; agf th:ér::f\ct) cisl\t/:ﬁ)ir'slsna;g tﬁgatSIs on the backscattered signal. Therefore, in all the plots
2 ’ R ) shown hereafter we will concentrate on macroscopic and
statistical errore, as a function of;: general features. To that purpose, red lines have been su-
perimposed on the curves, in order to focus the attention on

(4)  their main features and trends, neglecting variations of the

order of the error bars.
In Fig. 4 the number of echoes and the MRS are plotted
ZEU(RS(E, ev) — MRS(1;))? 5 against time for | and D events. The upper panel displays the
-1 ’ ) number of echoes for IN;, black curve) and DX p, grey

(6)
3 Analysis method

We define the percent Rate of Scattering (RS) for one even
as a function of;, as:

RS, ev) = o (€0)
tot

MRS(1;)= —Zev R(, ev)

oR(ti)=



I. Coco et al.: Sudden impulses of SW pressure 1775

curve) events. The | curve (114 events, 1497602 echoesj [—30, 10] min interval aboutl,. To this regard, a natural
is roughly constant up t@~—10min, when a decrease is choice would have been the-30, 0] min interval; however,
observed, reaching a minimum &At-4 min. In the last part we extended it by 10 min to allow for the uncertainty in the
of the interval the curve rises almost monotonically. The T, calculation. We define:

D curve (64 events, 873154 echoes), on the contrary, starts
to rise atT~—18 min and reaches a maximumZt-4 min.
Then one notices a fall td~12 min and again a rise of the
trend in the last part of the interval. The lower panel displays 1. M<200nT,

the MRS; error bars calculated from E®) @re included. 2. 200<M <300 nT, andQ <0.5.
The behaviour of MRS for Is is nearly flat in the first part of
the interval; then, ai’~—15 min, MRS begins to decrease,
with a minimum atl’'~2 min. In the second part of the inter-
val, MRS rises almost continuously, reaching a higher level 1. M>400nT,

than in the beginning. On the other hand, the D curve starts to 2. 300<M<400nT, andQ geqO.5.
rise at abou?’~—15 min, reaches a maximum Atv4 min,

— Quiet event. An event which satisfies one of the follow-
ing conditions:

— Disturbed event. An event which satisfies one of the
following conditions:

lar to the | curve. The broad peak observed for the D curveis  following conditions:
affected by large error bars in tfie 5, 5] min interval, while 1. 200<M<300nT, andQ>0.5,

for the | curve the error bars are generally lower.

As Fig. 4 refers to data for all events and all radars, the
variations described with time of the number of echoes and The Intermediate class has the purpose of clearly separat-
MRS may result from the superposition of effects depend-ing the Quiet and Disturbed events. Consequently, Interme-
ing on various conditions in the ionosphere, in the magneto-diate events, 14 in number, are excluded from the following
sphere and in the solar wind; therefore, it is reasonable tanalysis.
group the events into different subsets, to try to evidence Figure5 shows three examples of events, one for each
the echo response for each of them. The most relevant paslass defined above. The solid and dotted lines refer re-
rameters to group the events are the AE index, IMF orientaspectively to AE (axis on the left) and to the dynamic pres-
tion, MLT and magnetic latitude. Therefore, in Subse4ts.  sure (axis on the right). The upper panel shows an exam-
through4.3the data are sorted accordingly. ple of Quiet event which meets the conditid#fi<200nT.

From the description of Fig}, it appears thav and MRS ~ The middle panel shows an Intermediate event for which
display essentially the same features as a function of time300<M <400 nT, andQ <0.5. The lower panel shows a Dis-
From now on we will only show MRS plots which allow turbed event which meets the conditidh>400nT.
one to assign to each point its statistical error, as defined in Figure 6 displays MRS against time for the two subsets

2. 300<M <400nT, andD <0.5.

Eq. 6). of Quiet and Disturbed events, for both Is and Ds. In the
upper panel, which refers to Quiet events (60 | and 29 D),
4.1 AE index analysis the curve for Is (black line) starts with a rough plateau

and displays a positive trend starting aroufiee—4 min;

Visual inspection of plots of solar wind parameters and MRSthe curve for Ds (grey line) displays larger fluctuations,
for all the events suggested to us that some MRS variationsievertheless, it is possible to recognize two levels beyond
might not be directly triggered by the SI. The natural inter- the error bar uncertainty: one lower, in the first part of
pretation for such cases is that MRS responds to changes ithe plot (-28<7 <—23min), and one higher, at the end
the ionospheric conditions of internal origin. It is therefore (20<7 <30min). The lower panel of Figs shows the re-
useful to include in our analysis a parameter to describe tha&ults for Disturbed events (48 | and 27 D): the | curve (black)
state of the ionosphere in the regions under study prior tashows a strong decrease lasting frény—20 min up to7' ~2
the SI. For that purpose we decided to make use of the Aumin, while the last part of the plot is almost flat with some
roral Electrojet index (AE), introduced bpavis and Sug- fluctuations. This suggests that the depletion of echoes for
iura (1966, to monitor the occurrence of auroral phenom- Is, already seen in the whole data set in Fgis due to
ena, and more generally magnetospheric substorms. AE ithe Disturbed events. For the D curve the presence of large
derived from high-latitude fluctuations of the magnetic field fluctuations does not allow one to unambiguously distinguish
horizontal component at the Earth’s surface and is meant tetween two different levels.
estimate the total maximum intensity of the ionospheric au- As already seen in the lower panel of Fig. again the
roral current system. D curves display larger error bars; moreover, D events are

We decided to group the events into two classes, Quiet andnly 56 (compared to 108 Is), which implies a substantially
Disturbed events, defined on the basis of the AE index, andmaller statistical significance for their subset. As in the fol-
to further pursue the analysis on each class separately. Lébwing paragraphs the events shall be further classified into
M=(AE)+o, andQ0=(20)/(AE), where(AE) is the time  subsets according to IMF, MLT and magnetic latitude, we
average of AE and its standard deviation calculated over limit such analysis to | events.
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Fig. 5. Upper panel: example of Quiet everity(; y p=06:15 UT

on 1 November 1997. T,=06:43 UT). Middle panel: exam-
ple of Intermediate eventT{y;yp=210:10 UT on 10 December
1997. T,=11:23 UT). Lower panel: example of Disturbed event
(Twinp=18:10 UT on 1 August 1998, =18:31 UT). In all pan-
els the solid curves refer to AE (vertical axis on the left), while the

dotted ones refer to the solar wind dynamic pressure (vertical axis

on the right). On the horizontal axis=0 is 7, for AE andTyw y p
for the pressure.

4.2 IMF analysis
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45HF T 1 I I I

—®= QuietI's
=O- QuietD's

MRS

HH

==

—®— Disturbed I's
—O- Disturbed D's

MRS

2.5

2.0

T(min.)

Fig. 6. Upper panel: plot of MRS vs. time for Increases (black
curve) and Decreases (grey curve) for Quiet events (601, 29 D).
Lower panel: the same as for the upper panel, but for Disturbed
events (481, 27 D).

Table 1. Number of Quiet and Disturbed Is as for tBé”, BZ(_)
and BY*" subsets, i.e. events for whidby, is positive, negative or
variable in a—30, 10] min interval abouy ;n p-

Type Tot Quiet Disturbed
B 38 35 3
B 48 13 35
By 22 12 10

This paragraph is devoted to study MRS as a function of e associated statistics are reported in Tableve then

the IMF orientation, always keeping the previously described
Quiet/Disturbed classification. First of all, we checked that

the MRS behaviours so far described can be attributed to thég . i
= polarity change occurred before or around the time when the

Sl itself. In order to do that, we visually inspected all IM
plots looking for IMF direction changes and made the fol-
lowing classification of the events:

- BZ(+): events for whichB,>0 in a time interval
[—30, 10] min with respect tdyw;yp,

- Bz(f): events for whichB,<0 in a time interval
[—30, 10] min with respect tdw;yp,

— BY%": events which display at least& polarity rever-
sal in the[—30, 10] min interval.

plotted the MRS forBZ(f) and forBz(f) events, and for Quiet
Z(+) and for Disturbed?z(_) events; in all such cases, )

Sl was thought to hit the magnetosphere. We do not show
such plots here, but report that the curvesBéff) and Quiet
BZ(“ are very similar to that for Quiet Is shown in Fi,
upper panel; similarly, the curves foﬁz(_) and QuietBZ(_)
resemble that for Disturbed Is shown in F&.lower panel.
Such similarities are not surprising, as expected from the dis-
tribution of cases shown in Table We did not consider
B!“" events, as our purpose was to exclude the cases Bthen
changed sign prior to or at the Sl, and the Quﬁé‘t) and Dis-
turbedBZ(“ events, since they are very few. In conclusion,
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T 45 T T T T T T
-2~ Disturbed I's, Case 1 (- % <@ < —% )

45[F ! ' '
—e—Quiet I's, Case 2 (—%< © <0)

o~
s
T

MRS

MRS

0
T(min)

251 7] Fig. 8. Disturbed Is classified according t®). Upper panel: plot
20k | | | | | . of MRS vs. time for Case 1A /2<(®)<—n/4, 14 events); Lower
30 20 10 10 20 30 panel: plot of MRS vs. time for Case 2 fr/4<(®) <0, 26 events).

0
T (min)

Table 2. Number of Quiet and Disturbed Is for four subsets de-
pending or{®), i.e. the average value &f=arctar(B;/|By|), cal-
culated over 4—30, 10] min interval around’y ;N p.

Fig. 7. Quiet Is classified according t@®). Upper panel: plot of
MRS vs. time for Case 2 /4<(®)<0, 17 events); Middle panel:
plot of MRS vs. time for Case 3 €(®)<mx/4, 25 events); Lower
panel: plot of MRS vs. time for Case #(4<(®)<n/2, 17 events).

Type Tot Quiet Disturbed
we can state that the changes in MRS observed at the Sis are _”/254@)5—76/4 ig 117 ;g
not a by-product of changes By, occurring prior to Sl or at —7/4=(0)<
the S ti ) 0<(0)<m/4 32 25 7
T o n/4<(@)<m/2 18 17 1

In order to further investigate the effects of the IMF ori-
entation, including also in the analysis the magnetic field
component, we made a more quantitative classification of the
events on the basis of the angbe= arctar(B. /| By|).

The average value o was calculated over the same
[—30, 10] min interval aroundl'y;yp that we used in the
aboveB, classification. We built four classes as follows:

MRS curve displays a rise in the trend in the whole inter-
val, but around”" =0 a remarkable change in slope is noticed,
making the rise steeper than before. This effect is much less
evident in the other two panels. In fact, for Case 3 (25 events,

— Case 1: events forwhich%§(®)<—z,
— Case 2: events forwhich%§(®)<0,

— Case 3: events forwhichiq@)<%,

— Case 4: events forwhic%g(@)g%.

T middle panel) MRS-3.2 up toT~—4, then a slight increase

is observed, after which MRS3.54 up toT~20 min, when
it increases again. The lower panel refers to Case 4 (17
events): arise in the trend is seen in the whole period, with
a slight change in slope aroufid=0. It appears clearly that
the curve for Quiet Is, shown in Fi@, is obtained from the
sum of the three cases just described.

Figure 8 shows MRS vs. time for Disturbed Is, for two
(®) classes. The upper panel refers to Case 1 (14 events): in

Table2 summarizes the classification. The classes of Casghe first part of the interval{30<7T <—13 min) MRS rises,
1 for Quiet Is, and of Cases 3, 4 for Disturbed Is include verythen begins to fall, reaching a minimum aroufie5 min,
few events, so that we do not discuss them further. MRS isand keeping a constant behaviour afterward. The lower panel
then calculated for Quiet Is — Cases 2, 3, 4, and for Disturbedefers to Case 2 (26 events): MRS keeps a constant level up

Is— Cases 1, 2 only.

Figure7 shows MRS vs. time for Quiet Is, for thré®)

to T~—8min, then decreases up #&~3 min, and finally,
rises again in the last part of the interval. These two curves

classes. The upper panel refers to Case 2 (17 events): thresemble closely the curve for Disturbed Is, shown in Big.
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Fig. 9. Left side — Upper panel: plot of MRS vs. time for dayside (06:08:00 MLT) Quiet Is: the solid line refers to Low Latitude (LL,
60°—70° A), while the dashed line refers to High Latitude (HL"#B0° A). Left side — Lower panel: the same as for the upper panel, but
for Disturbed Is. Right side — Upper panel: plot of MRS vs. time for nightside (808300 MLT) Quiet Is: the solid line refers to Low
Latitude (LL, 60 —70°A), while the dashed line refers to High Latitude (HL°#B0°A). Right side — Lower panel: the same as for the
upper panel, but for Disturbed Is.

Table 3. Number of echoes for Quiet and Disturbed Is depending

short plateau, the MRS grows almost continuously in the

on MLT and Magnetic Latitude. Dayside extends from 06:00 to [—20, 30min interval, while at HL a flat behaviour is no-
18:00 MLT, nightside extends from 18:00 to 06:00 MLT. LL stands ticed up to7' ~—5min, followed by arise in the trend, similar

for Low Latitude (60 —70° A), while HL stands for High Latitude

(70°—8CP A).

for LL. Both curves resemble well the Quiet Is curve shown
in the upper panel of Fid. In the left side, lower panel, the
plot for Disturbed Is in the dayside is shown. The curves for

Number of Echoes: Tot LL HL LL (solid), and HL (dashed) look very similar, showing an
Dayside  Quiet 387412 159672 227740 MRS decrease starting betwegn=—15 and7~—10min,
. and reaching a minimum at abdlit~5 min. Afterward a lit-
Disturbed 349072 222796 126276 lei ; d iblv foll d by a broad pl
Nightside  Quiet 491352 264396 226956 tle increase is reported, possibly fo owed by a broa pat.eau.
Disturbed 459704 364631 95073 The fall of MRS seems to be more evident at HL. In the right

side, upper panel, the plot for Quiet Is in the nightside is
shown. Again, we can notice a rise in the trend for MRS at
LL, starting from7T ~—8 min, though less pronunced than in
the dayside. At HL no clear changes can be outlined, because
of the strong fluctuations. In the right side, lower panel, the
. ) ] plot for Disturbed Is in the nightside is shown. In both LL
Echoes are sorted according to Magnetic Local Time, assng HL curves, still one can see an MRS decrease starting
dayside echoes (06:60.8:00 MLT), and nightside echoes gt 7~_gmin. A lower level is reached at abofit~0 and
(18:00-06:00 MLT), and according to Magnetic Latitude as phence a plateau follows. As for the dayside, the decrease in
Low Latitude echoes (LL, 60-70°A) and High Latitude pMRS seems to be more important at HL.
echoes (HL, 70-8C°A). The MLT calculation is made ac-
cording to the AACGM model&aker and Wing1989. In Table3 the number of echoes for the different subsets
The results of this data sorting is displayed in Fdor is summarised. The order of magnitude is the same for the
Quiet and Disturbed events. In the left side, upper panelechoes of the Quiet and Disturbed subsets, and more echoes
the plot for Quiet Is in the dayside is shown: the solid curve are observed during the night. This result has been already
refers to LL, while the dashed one refers to HL. The sameshown in Fig.3. For Quiet events, on the dayside, the number
notation is also kept in the other panels. At LL, after a of echoes is greater at HL than at LL; for Disturbed events,

4.3 MLT and Magnetic Latitude analysis
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this number is greater at LL, on both day- and nightsides.

Therefore, one can suggest that the nonnegligible amount ol I SR Mot S
echoes shown in Fig between 09:00 and 15:00 MLT and R i e | e Lo
70°—80° A, could derive from the Quiet Is. ’ T* o mioe @ T L L .2
S e it -
50 S 5
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5 Discussion

Y_WIND/

@
3

We start this section with a brief discussion of how we calcu- I
lated the delay between the Sl observation at WIND and its
expected effects in the ionosphere. First of all, it must be said
that the use of Eqlj will produce a small shift to positiv& - ; - — — — o

of the Sl effect. As a matter of fact, Ed.)(implies using the X_WindRg)

undisturbed solar wind velocity for the propagation in the

magnetosheath and in the magnetosphere. Neglecting hergg. 10. WIND positions for all 178 events in the data set (Novem-
the small underestimate @t due to the reduced magne- ber 1997 September 2000) in the GSK, Y) plane, inRg units.
tosheath speed, we recall that the propagation time between

the magnetopause and the dayside ionosphere is usually esti-

mated in 6-8 min (e.g.Lysak 1986 Watanabe et 311986 in particular, the MRS level changes evidenced in the anal-
Todd et al, 1988, to be compared witlht~4 min which is  ysis performed in Sec# often begin for7 <0 and extend
included in Eq. {) for a V,~300 km/s and an average mag- for T>0, but occur anyway arouriti=0; on the other hand,
netopause stand-off distance of Rg. In conclusion, on the maximum MRS value for Quiet events and the minimum
average, the underestimate produced by the use ol . value for Disturbed events, which we interpret as related to
expected to be around-2 min. This is comparable to the the SI, occur close t@=0 or a few minutes later (see, e.g.
SuperDARN 2-min resolution, so that we do not try to in- Fig.4). To conclude this discussion on time delay, it appears
troduce any correction to this regard. To further discuss thethat the main features of the MRS plots described in Sect.
delay issue, we show in Figuté the GSE(X, Y) distribu-  can be interpreted as related to the Sls.

tion of the WIND positions for all 178 events in the data set. For a better understanding of the observed MRS be-
Clearly one can see that from November 1997 to Septembehaviours, it is necessary to discuss at some length the pro-
2000, the WIND position is affected by a large spread, bothcesses responsible for the backscatter of radio waves. A
along the Sun-Earth direction, and alorig About 60% of  signal of given wavelength which propagates in the iono-
the events lies ak>50Rg, and 40% atX>100Rg; more-  sphere is scattered only if it encounters a density fluctuation,
over, about 30% of the events hgtl>50R. Itis expected usually created by plasma instabilities in the ionosphere. If
that this will have an impact on the calculation of the delay A;,,>~1/2, where);,, is the irregularity wavelength, the sig-
through Eq. {). To this regard, a recent work Byeimer  nal is backscattered (Bragg condition). Such irregularities
et al. (2002, focuses the attention on the possible effectscan be found in the E and F regions of the ionosphere, their
on the propagation time of the interplanetary discontinuities’ wave vectok;,, being perpendicular to the geomagnetic field
orientation and of their evolution from L1 to the Earth’s or- lines. Moreover, at the SuperDARN frequencies, the iono-
bit, and quotes remarkable differences between the measuregpheric refraction yields that thie vectors of the transmit-
delays and those calculated as in EL). (The cited authors ted waves are parallel tg,, at the E and F-region altitudes,
also show how in some cases the correct propagation timéhus making backscatter possible (d4gnuise et a).1981).

can be correctly evaluated. Unfortunately, this procedure isThe dominant mechanism to produce such decameter scale
cumbersome and cannot always be applied. As such, its useregularities in the F region is the Gradient Drift Instabil-

is not feasable for this study. To go back to the present issudty (GDI). For complete reviews on ionospheric irregularities
as an example of such an effect in our database, we recall thaine can se€ejer and Kelley1980, Keskinen and Ossakow

in the Sl event of Fig2, the Sl travel time to the Earth’siono- (1983, Tsunoda(1988. Early HF radar observations and
sphere appeared to be 5min lower than calculated. In othein-situ measurements, showed that a power law exists in the
cases, the opposite occurs and the travel time appears to egularity spectra, ranging from scales of hundreds of kilo-
larger than expected. Consequently, the effects must showneters, down to meterd/flain et al., 1986. Many works

up, for the various data sets used in the paper, as an appan the literature seem to confirm this characteristic feature
ent time spread of the Sl effect on MRS, which is an averageof the ionospheric irregularities: when a large-scale gradi-
over RS of the individual events in the current set of eventsent is present in a given region, irregularities in a wide scale
(see Egs.J) and @)). Actually, this is shown by the descrip- spectrum (from kilometers to meters) are also observed in
tion of all the plots of MRS vs. time made above: the MRS the same siteTsunoda1988and ref. thereinMoen et al,
minima, maxima and level changes are frequently smeare@002. This suggests that large-scale gradients give rise to
out on time scales of several minutes. However, in spite ofa cascade process, generating smaller scale irregularities,
such uncertainties, these features are clearly recognizabl¢hough the actual physical mechanisms responsible for the

[ ¥24e
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irregularity production would not be necessarily the same atgeomagnetic conditions, as the selection made in gett.
every scale. One of the most powerful mechanisms givingaccording to AE, seems to suggest.
rise to large-scale gradients (100 km or more) is soft particle For what concerns Quiet events, a growth of MRS is seen
precipitation (energies of about a few tens of eV; &gun-  in correspondence with the Sl time (see Fgupper panel)
oda 1988. Moen et al.(2002 make a comparison between for both | and D events. The similar behaviour for Is and
radio tomographic images of the ionosphere above Svalbard)s could confirm Araki’s predictionAraki, 1994, that both
meridian scanning photometer (MSP) and all-sky camera obpositive and negative Sls cause the same effects in the mag
servations, and the echo occurrence in the field of view ofnetosphere, with the exception for the sense of FACs. How-
the Hankasalmi SuperDARN radar. They find that the ap-ever, this result must be taken with care, as the visual in-
pearence of a large-scale density gradiest@0 km) is well ~ spection of all single Quiet D events suggests that they dis-
correlated, spatially and temporally, with a strong echo activ-play a larger variability than the Quiet | events; moreover, the
ity, which requires the presence of decameter-scale irregularsmaller number of D events does not allow their analysis as
ities. Moreover, the MSP shows a 630-nm auroral emissiona function of IMF, MLT and magnetic latitude.
of a kind often associated with soft electron precipitation in  The latitudinal analysis for Quiet Is made in Subsdcs.
the F region. They conclude that an enhanced electron pre(see Fig.9), evidences that MRS shows a clear response to
cipitation may have produced the observed gradients and irSIs both at low and high latitudes, though the number of
regularities. Recent works blilan et al. (2001) andSam-  echoes is smaller at lower latitudes. We propose the follow-
son et al(2003 show how a time series of quasi-periodical ing interpretation: when the pressure pulse hits the magne-
auroral forms can be related to characteristic frequencies ofopause, a fast, compressional MHD wave is launched, as
Field Line Resonances (FLR), often associated with &ifv  described in Secfl, and couples to a shear Afim wave at a
wave propagation along the geomagnetic field linéhou resonance position which depends on the local &ifgépeed
and Tsurutan{1999 andLiou et al.(2002 argue that anin- (Samson et al.2003; this results in a FLR which induces
crease in the solar wind ram and static pressure causes aoft particle precipitation in the F region and a consequent
increase in the perpendicular kinetic energy of trapped magincrease in the ionospheric irregularities and of MRS. It is
netospheric electrons and protons, which in turn induces theeasonable to expect that such a mechanism be more effective
loss cone instability and the consequent particle precipitatiorat lower latitudes, where the footprint of the Central Plasma
in the ionosphere. Another mechanism which can be invokedsheet (CPS) usually maps$5°—70° A). On the other hand,
for the decameter-scale irregularity growth in the F layer isthe precipitation of trapped electrons, due to loss cone insta-
related to the evolution in space and time of the so-called pobility induced by the Sl in the magnetosphere, can also ac-
lar patches (e.gWeber et al. 1984 Tsunoda 1988. The  count for the lower latitude MRS increase. Regarding the ef-
patches are large-scale plasma structureldQ0 km) which ~ fect at higher latitudes, it is necessary to invoke an additional
often can be found in the polar cap, mostly during periodsmechanism. For that purpose, we recall thigwell and
of southward IMFB; or K,>4. They are thought to orig- Meng (1994 studied the variation of the ionospheric foot-
inate in the dayside auroral oval by solar ionisation, and toprints of the magnetospheric regions as a function of the solar
drift antisunward through the polar cap with speeds of 250wind dynamic pressure, through the observation of precipita-
to 700 m/s. When the IMBB, turns southward the auroral tion data from DMSP satellites; they found that the high lat-
oval expands to lower latitudes, a two-cell configuration of itude (~75°—82°A) footprints of magnetospheric Cusp and
the plasma convection is established, and the convection vd-ow Latitude Boundary Layer (LLBL), are limited to a small
locity increases considerably: patches are thus convected tdatitudinal range when the pressure is logw<(2 nPa) and
wards the polar cap where they can be detached from followeover the whole 70-80° A range forp>4 nPa. They con-
ing mid-latitude plasmaTsunoda1988. There are recent cluded that this effect is only due to the pressure value and
experimental evidences of small-scale structuring in patchesuggested that impulsive solar wind penetration in the Cusp
(Basu et al.1995 Basu and Valladare4999: aremarkable and LLBL could be favoured by a high solar wind dynamical
similarity is observed between the spatio-temporal characterpressure and cause particle precipitation along magnetic field
istics of the polar cap scintillation caused by mesoscale irreglines. Moreover, recent radar observations seem to confirm
ularities (1 km or less), and a model prediction of macroscalethat most high latitude echoes come from the ionospheric
structures under southward IME, conditions. This result Cusp (e.gVillain et al., 2002. In conclusion, we suggest
implies that the mesoscale structures causing scintillation othat the expansion of the Cusp and LLBL footprints between
satellite signals often are formed at the edges of polar cag(®® and 80 A and the associated particle precipitation could
patches through the gradient drift instability process and peraccount for the observed high-latitude MRS growth at the Sl
meate the entire patch. time.

Let us now introduce the discussion of our results. Firstly, Let us now move to the discussion of MRS for Disturbed
it is to say that we see a global effect of SIs on the radarevents. First of all, it must be said that the Disturbed events’
echoes, especially for Is. The effect looks like a broad de-set is far less homogeneous than the Quiet events’ set. This
pression of the MRS followed by a rise, as described instems from its definition and is confirmed by visual inspec-
Sect.4 and shown in Fig4. This effect is a superposition tion of the solar wind parameters and AE. Therefore, the
of two different behaviours, mainly driven by the different results pertaining to this event set must be considered with
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care. This is even more so regarding the Disturbed Ds subseheasurements often show a higher level of echoes during the
and we shall not discuss the broad peak seen for the Disnight (e.g.Ruohoniemi and Greenwald997 Milan et al,
turbed Ds around =0 in the lower panel of Figs. Regard- 1997, when the irregularity growth rate is higher; on the
ing the | events, the most impressive feature to be noticeccontrary, during the day the solar photoionisation acts as a
is a broad depression of echoes arodhd0. A radio sig- major constraint on the GDI formation, as the ionospheric
nal absorption during substorms or, more generally, duringdensity increases globally and uniformly, and the density gra-
Sudden Commencements (SC), is a well-known fact in thedients are smoothed down.
riometer communityOrtner et al(1962 analyzed data from
25 riometer stations, located in the Northern Hemisphere be- As it has been reported in Sedf.the MRS behaviour for
tween 564° and 88 A, for 71 SC occurring between 1958 the B§+) subset of Quiet events is very similar to that in the
and 1960. They found a good correlation between riometewhole set of Quiet Is. The same applies to B}(e_) subset
and magnetometer records taken in the same site: the riomén relation to the Disturbed events set. In fact, this is ex-
ter diagrams clearly showed a strong absorption in coinci-pected, because a general correlation between the IMF ori-
dence with SC’s. Moreover they noticed that the absorptionentation and the AE index behaviour has been well known
was maximum for stations located near the maximum of thefor a long time (e.gArnoldy, 1971, Akasofy 1979. Aka-
auroral activity region, following the Feldstein model of the sofu (1979 introduced the quantity(r)=V BZsin*(6/2)13,
auroral oval Feldstein 1960. They interpreted this in terms where B is the magnitude of IMFV is the solar wind
of loss cone electron precipitation from the inner magneto-speed,¢ is the polar angle of the IMF vector in the— z
sphere, due to the modified geometry of the geomagnetiplane in GSM coordinates argh~7 Earth radii. He showed
field lines during a SC. But how could the same precipita-that ¢(¢) is actually the energy flux transferred from solar
tion induce an increase in MRS for Quiet events, and a dewind to the magnetosphere-ionosphere system, and he veri-
crease for Disturbed events? We can suppose that, if an Sled a good correlation with AE through the observation of
occurs during periods of high geomagnetic activity, the par-several substorms. Regarding radar observatiBaiatore
ticle precipitation induced by the Sl is superimposed to pre-et al. (2001) performed a statistical study on SuperDARN
cipitation induced by other phenomena, and will be globally echoes over a long period of time, and found a good cor-
stronger and with a wider energy spectrum than for a Quietrelation between the rate of scattering as@). We can
event. This is also confirmed by observationKafzanagh  thus conclude that the mean level of geomagnetic activity
et al. (2002, who discuss an Sl occurring at 06:50 UT on is surely influenced by the IMF orientation, but our results
11 February 1997 during the recovery phase of a substormindicate that the solar wind dynamic pressure itself leads
At the Sl time and prior to it, they report high values of the to clear effects on the MRS, in both situations of north-
AE index, such that, according to our criteria, this would be ward and southward,. This picture is substantially con-
classified as a Disturbed event. At the same time they reporirmed by the selection of the events on the basis of the angle
high electron precipitation rates with energ® keV above  ®©=arctanB;/|B,|). For what concerns Quiet events (see
northern Scandinavia. If such precipitation is a common fea+ig. 7), an increase in MRS in correspondence with the SI
ture of Disturbed events, it is worth noticing that, at energiesis always reported, for every configuration of IMF. When
higher than 1keV, electrons are not completely stopped byr/4<(®)<n/2 (B, strongly positive and dominant aB),
the F region and can largely penetrate to the E and D regionghe MRS growth is smaller, though beyond the error bars.
This particle precipitation and the consequent increase in thé\ctually, also when &(®) < /4(B, positive butB, domi-
plasma density, is responsible for two main effects on HF ra-hant onB;), the MRS behaviour does not look very differ-
dio signals: 1) an enhanced absorption in the D region of theent from the previous case: this leads us to think that the
ionosphere, and 2) an enhanced refraction in the E regionB, component plays a marginal role with respecBto dur-
which impedes the propagation to the F region. The combiding an Sl occurrence. Moreover, looking at the Quiet events
nation of the two effects can result in a more pronounced dewith —m/4<(®)<0(B; negative,B, dominant onB;), we
crease in the number of echoes observed at higher latitudeseport an MRS rise much steeper than for the other cases.
between 70 and 8GA. This is actually seen in our data, We can conclude tha®, has possibly an effect on the echo
as shown in Fig9. At lower latitudes the perpendicularity level, during an Sl event: iB, is southward in the period
condition is more easily satisfied and the effects on MRS isthat preceeds the discontinuity, the compression of the mag-
globally less important. netosphere due to an S| more easily induces particle precip-
Regarding the MLT dependence of MRS, we recall thatitation in the high latitude ionosphere, with the mechanisms
very clear trends are seen for both Quiet and Disturbed Is irdescribed above. Moreover, the southw&dconfiguration
the dayside, while in the nightside the Sl effect seems to becan be related to the presence of patches in the polar cap,
somewhat reduced (Fig). To this respect, it can be noted which could lead to an increase in decameter-scale irregu-
that Sls are expected to hit the magnetopause mainly in théarities. The Disturbed events seem not to be sensibly influ-
dayside, so that the night effect could be smaller and posenced by® (see Fig8): most of these events fall into cases
sibly delayed. On the other hand, on the nightside the Shwith (®)<0, and an MRS decrease is always observed, hav-
effects could be masked by a higher echo activity as shownng more or less the same features in both the considered
by the echo numbers listed in Tal8e In fact, SuperDARN  configurations {7 /2<(®)<—n/4, —7/4<(®)<0).
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6 Summary and conclusions 5. The role of IMF. From the analysis made under various
IMF B, conditions, we concluded that the effects herein
In this work 236 Sl events were examined to investigate their summarized are due to the Sl itself and not specifically

effects on SuperDARN HF radar echoes. After excluding driven by changes in IMB,. However,B, has possibly
part of them on the basis of statistical considerations, as dis-  an effect on the echo level during an S| eventBifis
cussed in Sec8, the final analysis was performed on a set southward in the period that preceeds the discontinuity,
of 178 events, 114 Increases () and 64 Decreases (D) of  the compression of the magnetosphere seems to result in
the solar wind dynamic pressure. The analysis was based 3 larger MRS increase that can be attributed to enhanced
on the calculation of averages of the Mean Rate of Scatter-  particle precipitation in the high latitude ionosphere. On
ing (MRS) for thirty 2-min bins around the Sl time, over the contrary,B, does not seem to play a noticeable role
all radars and over various data subsets. The response of g this regard.y

the ionosphere to the Sls, although global in nature, depends
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