IN wWN R

~N O

10
11

12
13
14

Statistical properties of flux closure induced bias
wind dynamic pressure fronts.

B. Hubert?, C. Block¥" , S.E. Milar’, S.W.H. Cowle{?

1. Laboratory for Planetary and Atmospheric Prgditniversity of Liége, Belgium
2. Department of Physics & Astronomy, UniversifyLeicester, Leicester LE1 7RH, UK

J. Geophys. Res., 114, A07211, doi:10.1029/200838103.



15

16
17
18
19
20
21
22
23
24
25
26
27
28

29

30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Abstract

We present a statistical study of flux closure mvaés induced by solar wind dynamic
pressure fronts. We consider that a dynamic predsont reaches the Earth when a dayside
subauroral proton flash is observed in the SI2 ohhof the IMAGE-FUV experiment. This
pragmatic criterion selects both weak and strongssure fronts. It is found that the
preconditioning of the magnetosphere prior to thesgure pulse arrival mainly governs the
magnetospheric response to a weak solar wind dynprassure front. This preconditioning
includes the amount of open magnetic flux availaiblethe magnetosphere prior to the
pressure front arrival and the size of the magmpétesc cavity. However, in the case of a
strong pressure pulse, the magnetospheric respsng®re sensitive to the solar wind
properties characterizing the dynamic pressure.fidot only is the pressure jump important,
but also the variation of the solar wind velocibhddMF magnitude. In overall terms, we find
that a strong dynamic pressure front is typicaligracterized by a dynamic pressure increase

larger than ~2.8 nPa that takes place on time scdlthe order of a few minutes.

1. Introduction

The solar wind is the plasma outflow from the sodmosphere. It carries the
interplanetary magnetic field (IMF), which is frazen the solar plasma. When the solar wind
reaches the Earth, the geomagnetic field and thE ddn interconnect, and create open
magnetic flux, that consists of magnetic field &rt@at originate in the interior of the planet
and close through the interplanetary medium. Thar seind reaches the planet at a velocity
larger than the characteristic wave speed (thedspeenagnetosonic waves), so that a bow
shock envelopes the magnetic environment of theeplat a typical standoff distance of ~15
Earth radii (R) upstream from the planet in the subsolar regidne pressure exerted by the
solar wind on the Earth’s magnetosphere compregses the dayside, and gives it an
elongated shape, creating the magnetotail on tfeside. Newly opened field lines, created
on the dayside, are convected antisunward towdrelsrtagnetotail where they eventually
undergo another reconnection process that closes #igain, thus reconfiguring the magnetic
topology back to a more dipolar pattern, releadimg energy that regularly powers the
substorm expansion phase. Occasionally, the Swase$ a burst of material, creating a
discontinuity in the solar wind, that translatesatoincreased dynamic pressure, either due to

the increased plasma density or to an enhanceaitel@r both), the most spectacular of
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which is the coronal mass ejection (CME), i.e. apl@sive process that releases large
guantities of solar material into space. When arsaind pressure front reaches the Earth, it
compresses the magnetosphere, and sometimes s$riggarbstorm expansion phase, during

which a large amount of open flux is closed inrtegnetotail.

Boudouridis et al[2003, 2004] showed that the interaction of the neagsphere with
solar wind dynamic pressure pulse results in apsheduction in the polar cap size, a clear
signature of flux closure, especially when a presswlse hits the magnetosphere after an
interval of southward IMF, i.e. after the magnetume has been loaded with open flux by
magnetic reconnection on the daysidgrittnacher et al. [2000] observed an auroral
intensification triggered by a CME which developeni the dayside oval and propagates
towards the nightsidéVeurant et al.[2003, 2004] showed that solar wind dynamic pressu
pulses can trigger an enhancement of auroral agtivi agreement witBoudouridis et al.
[2003]. They showed that this enhancement is s&ofagg southward IMF conditions. For the
set of events studied Weurant et al[2004], the preconditioning of the magnetospheas w
found to be less important than the propertiehefdolar wind during the pressure pulse. In
particular, they found that the auroral respons&risnger for larger IMF intensity and solar
wind speed. It was also shown that the propagatibthe auroral brightening from the
dayside to the nightside occurred sooner for tlegopr aurora than for the electron aurora
[Meurant et al.,2003]. Moreover, compression of the dayside maxgmdtere first results in
the formation of a dayside subauroral proton flgsbbert et al.,2003]. It was also shown
that the compression of the magnetotail by a sefad dynamic pressure pulse can also
directly stimulate magnetic flux closure becausecrgates the conditions necessary for
magnetic reconnection in the tatjibert et al, 2006b] as the pressure disturbance propagates
all the way down to the plasma shelgieurant et al.[2005] showed that pressure pulse-
induced and isolated substorms largely share thne gaoperties, the pulse being the trigger

that initiates the reconfiguration of the unstablkggnetosphere.

We have developed a method that combines groureblbdesta from the Super Dual
Auroral Radar Network (SuperDARN) and global image#sthe proton aurora from the
Spectrographic Imager at 121.8 nm (S112) onboaedrtrager for Magnetosphere to Aurora
Global Exploration (IMAGE) satelliteMlende et al.,2000a, b] in order to estimate the
magnetospheric open flux and the opening and atosates of magnetic fluxHubert et al.,

2006a]. These rates are expressed as voltageslagrty Faraday’s law.
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In the present study, we analyse the relation bmtwibe properties of solar wind
pressure pulses and the magnetospheric respote@ns of open flux storage and closure. In
particular, we search for correlations betweenpttoperties of the solar wind and the opening
and closure of magnetic flux. The configurationtled geomagnetic field is also considered
using geosynchronous data from the GOES satellitbs. role of preconditioning of the
magnetospheric system is considered as well. Tiwautgthe text, we will interchangeably
use the terms (solar wind) dynamic pressure fromuise, pressure front or pulse, or simply

front or pulse to designate a solar wind dynamésgure pulse.

2. Data Availability and Selection

As already outlined in the introduction, the amoahtopen flux is estimated using
data from the SI12 instrument of the FUV experimamboard the IMAGE satelliteHubert
et al., 20064 This instrument produces global images of theper shifted Lyman
emission, which is solely due to the precipitatmihauroral protons, and is used here to
estimate the location of the open/closed field lm@indary (ocb) at ionospheric altitude, as
well as its motion. The SuperDARN radar network sueas the ionospheric convection, and
allows the reconstruction of the ionospheric electield [Ruohoniemi and Baker]998;
Cowley and Lockwood992]. The SI12 data are used in combination wWith SuperDARN
radar data to estimate the opening and closuragedtthat characterise the variations of the
amount of open flux. The solar wind data are frévea ACE satellite. We found 68 cases of
pressure pulses over the period from June 200@boury 2002, for which ACE, SI12 and
SuperDARN data were available. Instead of idemnidyithe pressure pulses from a criterion
based on variations of the solar wind dynamic pressve identified dynamic pressure pulses
from a more pragmatic standpoint. It has been shinat) when a solar wind pressure pulse
reaches the Earth, it compresses the dayside nusphere in such a manner that it
stimulates the precipitation of protons along dibdld lines that map to the dayside
ionosphere at magnetic latitudes lower than thathef auroral oval, creating a dayside
subauroral proton flashHubert et al.,2003 Fuselier et al.,2004]. We searched the SI12
dataset for dayside subauroral proton flash sigaafiand we checked a posteriori that there
was actually an increase of the solar wind dyngméssure in the ACE solar wind data, when
available. This pragmatic approach also has thargdge of reducing the uncertainty in the
time of propagation of the solar wind feature frahme ACE location to the Earth’s

magnetosphere, especially if we consider that aksh@ve (or any disturbance) propagates
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within the medium in addition to being advectednglavith the plasma motion. Moreover, in

the case of weak pressure pulses, we can be sdriéhsolar wind pressure front did actually
interact with the magnetosphere. For these weakspre pulses, the identification of the
pressure increase responsible for the proton fleas sometimes more difficult, and there
remains some uncertainty in a few cases. The meathsélection of pressure pulse-events led
us to select more than 85 cases of dynamic prefsums. Some of them had to be excluded
because of a failure of our open/closed boundaggtitication software, especially when the

viewing conditions were not good enough or whenpitaon aurora was too dim, leaving us

with 68 cases.

The duration of the interval that we investigateeathe arrival of a particular pressure
front is again determined from a pragmatic stanalpdhe interaction of the pressure front
with the magnetosphere generally stimulates amdifieation of the flux closure voltage
(sometimes minor). The end of the interval thatowesider is chosen to be the time at which
the closure voltage returns to a value close tonitgal level prior to the front arrival (i.e.
within 10 kV), with a maximum duration limited td 3ninutes. In exceptional cases when the
intensification of the closure voltage is so wela&ttit remains under 10 kV, a duration of 20
min is chosen. As an examplkgure 1 shows the solar wind properties, the open flug, th
opening and closure voltages, and the net recoienegbltage obtained on 4 November
2000. As the nightside (dayside) reconnection gelteepresents a decrease (an increase) of
the open flux, we choose to express the nightsidedosure (dayside flux opening) rate as a
negative (positive, respectively) voltage, so tia net voltage, i.e. the sum of the opening
and closure voltages, represents the time derwatifvthe open flux. A sharp dynamic
pressure front was observed by the ACE satellibetlshafter 0130 UT. This front reached the
Earth and triggered a dayside subauroral protah ftletected by the SI112 instrument at 0224
UT (vertical dotted line). The open magnetic flleddced from the SI12 observations prior to
the dynamic pressure pulse arrival was rather low.46 GWb), a situation compatible with
the northward IMF orientation. The closure voltagtimated from the SI12 and SuperDARN
observations intensified after the dynamic prespuise arrived at the planet and reached ~ -
125 kV. The closure voltage returned to pre-pulakies after ~35 min. Note that, as time
smoothing has to be applied to correctly estimhagereconnection voltages, in an absolute
sense, our resolution is not the cadence of imageisition of the FUV-SI12 instrument (i.e.
~2 min) but only ~12-14 min. This results in a smegof the pulse signature in the closure

voltage curve, so that the striking time coincidemhetween the very sharp signature in the
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slope ofV and the pressure front arrival can be consideredental: although the pressure
pulse arrival generally initiates an intensificatiof the flux closure, the signature in the
closure voltage curve is generally not that shagptrat the time of the arrival of the solar

wind dynamic pressure pulse.

Several quantities can be determined that, potbntiean reveal the nature of the
interaction between interplanetary shocks (dynapmessure fronts in this study) and the
magnetosphere. The amount of open flux itself isafrse considered, but its variations can
also be important: the net variation of the opem,fits maximum rate of change during the
whole event and during the interaction of the maggghere with the ramp of the solar wind
pressure front, and its initial value are all plgsiquantities to be studied as well. A similar
study of the flux closure rate can also be underiaks average, initial, and maximal values
must be considered (maximum in terms of its absolaue, i.e. the minimal value of the
closure voltage, which is a negative number). fbeintensification and rate of change of
the closure voltage has also to be consideredddiitian, the time integral of the closure
voltage is also computed. It represents the totedumt of open flux that goes through closure
during the interval, whereas the variation of tlmeoant of open flux during the interval

includes a flux opening contribution from the dalgsreconnection site.

The solar wind data can also be used to determaweral parameters that can,
possibly, play an important role in the interactimtween solar wind dynamic pressure pulses
and the magnetosphere. The most natural parantetez tonsidered is obviously the solar
wind dynamic pressure itselP4y). Previous studies mentioned in section 1 aljMeurant
et al., 2003, 2004have however shown that this may not be the nmpbitant parameter.
We will nevertheless consider this parameter, af a® its variation (maximum value,
pressure jump, rate of change etc) for correlatidh the magnetospheric response expressed
in terms of open flux, closure voltage etc. Theosecnatural parameter is the solar wind
velocity (vsy), that has already been pointed out as a key mdesangoverning the
magnetospheric response to a solar wind pressuse.pihe solar wind densityg,) is also
considered, but these three solar wind propertiesiat independent, &y~ Nsw M 2. The
interplanetary magnetic field (IMF :sB) has also to be studied, not only its magnitumlg,
also the value of each component, and their vanati The solar wind properties can be
combined according to the modelRétrinec and Russ€ll993, 1996], to estimate the size of

the magnetospheric cavity: the “radius” of the netigpausdry (i.e. the distance between the
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dayside nose of the magnetopause and the planet)adius akssy= 0 and its cross section
may be important, as well as the variations of éhgsantities. The standoff distance of the

bow shockRs can also be treated in a similar manner.

We also consider the magnetospheric response imsteof its signature at
geosynchronous altitude. More specifically, theval®mn angle of the magnetic field is
studied on the nightside using data from the GOE&#8llite. These data are available only

for a subset of events, so that less accuratetsasaly be obtained.

We anticipate the next sections by summarizingable 1 the quantities that will be
actually discussed in this paper and their de@nitin this study, the time interval reported in
Table 1 is that of the pressure pulse-induced flux closiviere variables and correlation
pairs were considered initially, but we will focasm the ones we found to be the most
interesting. Several variables specifically deahvthe ramp of the dynamic pressure front.
The front ramp is determined as follows: the tinegivhtive of the solar wind pressure is
computed using a Savitzky-Golay filterin§dvitzky and Golay, 1984and the time interval
of increasing dynamic pressure around the time afimum derivative is considered as the
ramp of the pressure front. This concept is howawveit loosely defined in the case of a very
weak pressure pulse. The Savitzky-Golay smoothiltgy fcan be used to smooth a noisy
signal. The filter is defined as a weighted moviagerage with weighting given as a
polynomial of a certain degree. The returned cokiffits, when applied to a signal, perform a
polynomial least-squares fit within the filter wimd. This polynomial is designed to preserve
higher moments within the data and reduce the m#&®duced by the filter, and the
derivatives of the smoothed signal can be obtained.

3. Statistical Analysis

The variables discussed in Section 2 have beewclsghifor correlation. A set of 68
solar wind dynamic pressure pulse events has lbsriified in the S112, SuperDARN and
ACE datasets, and treated to estimate the openrigonnection voltages, dynamic pressure
etc of these intervals. The method outlined absewagpplied to determine the duration of each
pulse interval. Correlations are searched for betwithe geomagnetic quantities (open flux,
voltages, elevation angle etc, and their varia)i@msl solar wind properties. The correlation
Is studied using both Fisher's test and the Studest. The significance level of the
correlations are obtain in the sense of bilatezatst and the critical level of confidence is

such that the estimated Pearson correlation coaifieequals one of the limit of the test
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interval that brackets correlation cases undisisitable from the case r = 0. For the student

. r<Yn-2 ,_ . . : - .
test, the quantlty—2 (T being the estimated correlation coefficient) i®kn to follow
1-7

N

a t. distribution function under the r = 0 hypothesidjich allows bilateral testing. In the

case of the Fisher test, the quanﬁty%ln(ﬂj is calculated, which is known to follow a

1

'Vn-3

testing under the r = 0 hypothesis. Whatever tse used, the (critical) level of confidence

Gaussian distribution\lgln(%j

J which again allows us to perform a bilateral
tells us how confident we should feel that themeated correlation coefficient differs from
zero, whereas the square of the correlation coefiic(also called the coefficient of
determination) tells us what fraction of the vadarof the dataset could be explained by the
dependence of both data on each other. From a matiwal standpoint, the Fisher test is
known to be inefficient for small size samples gl#san ~25 data pairs), whereas the Student
test is always valid. Clearly, both tests give elént significance levels for a given sample,
but both significance levels tend to the same lesithe sample size is increased. Obviously,
if n tends to infinity, one is supposed to reachaddlite certainty and the significance level is
always 1, whatever the test used. (In the followmpagagraphs, we will use the symbol r
instead ofr.) In our study, both tests give very similar résuMore than 1200 pairs of
variables were considered. A very large numberheké¢ pairs were found to be (linearly)
correlated under a level of confidence of 0.9. @Yeanuch higher levels of confidence must
be used to identify the correlation. The criticedél of confidence was determined for each
pair of variables (i.e., the level of confidencedenwhich the correlation coefficient of the
considered pair of variables is equal to the thokkhvalue that discriminates between
correlated and uncorrelated variables, i.e. betwesnzero and zero correlation coefficient).
From a mathematical standpoint, it is impossibled&fine an absolute threshold that
discriminates once and for all between correlated ancorrelated samples of paired
variables. Only a hypothesis test can be carrigécand the significance of a correlation must
be expressed in terms of a level of confidence. Sigp@ificance is however not the final word,
as a low correlation can be statistically significaand the square of the correlation
coefficient can be used as a measure of the pafteobariations in the dataset that can be
explained by the dependence between the correlade@dbles. In this study, we will

essentially present the most significant correfetiorhe critical level of confidence can be
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estimated according to Fisher's or Student’'s tést. will always quote the worst of these
two. For every variable, outliers are systematycaliminated: data points such thiat —

m| > 3o are rejected, withm the average value of the ensemplg , ands the standard
deviation of the sample. One can consider thatishasrather conservative choice that tends to
reduce the inferred correlations, because in &ciidin of sets of 68 data points, an average of
~0.18 points per sample would fall outside of the- m| > 3r interval, assuming a Gaussian
distribution of the data, so that one can expeat éhdata point representative of the natural

distribution may be found outside of the selectgdrival in ~20% of the cases.

Figure 2 shows the distribution function of several projsrbf the solar wind for our
set of events. The dotted lines show the distrputunction and a smoothing is applied to
produce the solid lines. The averag® @nd standard deviatiow)(of the sample are also
given. The bin size used to construct a distribufimction is10x ¢/fi with i the number of
points of the sample found in a-Avide interval centred om. The dynamic pressure increase
across the pressure front is shown in the top pdinelearly appears that most of the fronts
included in this study were rather weak: the mediauthe distribution is 3 nPa. This also
appears in the solar wind density increase actusgtessure pulse (middle panel) with a
median value of 9.15 cfhand a most probable value of ~4&nThe variation of the solar
wind speed across the dynamic pressure discontirfthitrd panel) is generally positive,
although the most probable value is ~0 km/s. Indasdhe dynamic pressure is proportional
to the square of the velocity, a small increasthefvelocity will produce a large increase of
the dynamic pressure (a 10% increase of the vglpetiduces a 20% increase of the dynamic
pressure).

Considering the net open flux budget, the valughef open flux at the end of the
pressure pulse-induced flux closur@sfy) is, first of all, correlated with the open flux
available prior to the pressure front arrivab() (Figure 3, Table 2). The correlation
coefficient isr = 0.807, and the correlation hypothesis must me@ed with a confidence
level better tham = 0.999 (according to both Fisher and Studenss)e$Throughout this
paper, we will denote a correlation coefficientlwihe symbok, and a level of confidence
with the symbok:.) This correlation can account fér= 0.65 (65%) of the observed variance,
so that much larger correlations must not be exoeetith other parameters, amdg; is
considered here as one of the independent varidbldsed, the value @b, results from the

past history of the solar wind — magnetosphergacten and represents a preconditioning of
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the system. As may be expected, the final opendlsa correlates with the IMB,. The ®sjng
and B, max (generally positive) are anticorrelated (accoumnfior ~17% of the variance only)
(Table 2). This can be easily understood: when the IMFoishward, very little open flux can
be created on the dayside, and the open flux is lihweer. The relation between the IMBz
component and the creation of open flux is alreadlf known, so we will not dwell on this
subject. The final amount of open flux also antietates with the maximum value Bfyy,
Payn,maxand with the pressure jumpgRgy,). Strong compression of the tail thus favours lowe
values ofdsny , but the amount of open flux itself depends mamethe past history of the
magnetosphere throughi.i: , both correlations wittgyn maxand4Pgyn being able to account
for ~9% of the variance only.

The variation of the open flux1(p), which results from the balance between flux

opening on the dayside and flux closure in the il the amount of flux closed during the

L}
event (i.e. @, :IVC, dt with Vg the closure voltage andyfi] the considered time interval)

to
may be quantities much more representative of thagn@tosphere — pressure front interaction
rather than the amount of open flux itself. Howevke best correlation for both quantities is
found with @t as well Figure 4, Table 3) explaining 16-17% of the variance. Indeed,
AD = Diing — Dinit and dsing already correlates witthini; . Also, & represents the amount of
open flux that goes through reconnection and,afamount of open flux newly created on the
dayside during the considered interval is not togé,®. cannot be larger thad,;. But this
correlation nevertheless suggests that, as the etagphere accumulates open flux, its ability
to close flux in the tail under the stimulationapressure pulse is increasdd(and @ are
negative numbers). The importance of magnetosplpeaconditioning also appears in the
correlation of4® and @ with the maximum value of the magnetopause rafthes standoff
distance of the magnetopau$®)max cComputed based on solar wind data using the mufdel
Petrinec and Russe]ll993, 1996], both being able to explain ~10%hw variance. Similar
correlations are also found with the standoff aiséaof the bow shocRs maxand with the

initial values ofRy andRg: Ry .init andRs init, with slightly lower confidence.

These correlations suggest that the magnetosppez@onditioning is not limited to
the accumulated open flux, but also includes tlssisection of the magnetospheric cavity
exposed to the solar wind flow, the standoff diseaheing considered here as a rough proxy
describing the shape of the magnetosphere. In théehof Petrinec and Russe[l1993,

10



300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317

318
319

320
321

322
323
324
325

326

327

328
329
330

1996], the standoff distance of the magnetopauaec@mplicated non-linear function of both
B, and Pgy,, and one may wonder if the correlation with thegnmetopause radius does not
stem from a correlation witRqy, especially with its initial value, or with its mation across
the dynamic pressure front. In our sample, whiatludes weak pulses, we found that the
dynamic pressure does not seem to strongly driedltix closure process, as we will show
below. It can also be noted thagy, the amount of open flux created on the daysideduhe
pressure pulse-induced flux closure interval, @rddo not well correlate with each other
(Table 3), suggesting that tail reconnection closes accatadlopen flux rather than newly
opened flux. Neither is a significant correlatiaund betweemb,, and4®. This supports the
importance of the loading-unloading paradigm, inakhopen magnetic flux and energy are
accumulated in the tail before intense flux clostae begin, compared with the direct driving
of the magnetosphere by the solar wiBtbEkx et al., 2009and references therein] in which
new magnetic energy is supplied through the taigmetopause and is nearly immediately
available for dissipative processes. Indeed, taesport of magnetic flux from the dayside
magnetopause to the nightside reconnection sitetatan of the order of one hour. It is no
surprise, however, that,, is well correlated withB,min (r =-0.437, a=0.999) as a
southward IMF (i.e. a negative IMB,) is a condition that strongly stimulates magnetic

reconnection on the dayside.

The value of the flux closure voltage itself balycaorrelates with®;,; (Figure 5,

Table 4): the average reconnection volta‘g_ce has its best correlation witl;; (r> ~ 21%)

Y/

cl

then correlates WitlRy max and R max (¥ ~ 17%). The median voltage computed during

the considered time interval,, , has its best correlation withy,;;, then withRy maxandRs max

Ay
possibly representing ~16-17% of the variance. éNtiat Ry max and Rsmax are not
independent on each other). Slightly lower correfet are again found witRy inir andRg jnit
(Figureb, Table 4). These correlations show that the preconditioitpe magnetosphere is
important for the process of flux closure itselheBe results do not really differ from those

presented fordy, as in principle,®¢ = \/_CI At, with A4t the duration of the pressure pulse-
induced flux closure interval. (Note that, in ouudy, & is not exactly equal t()/_CI At

becaused is obtained from a numerical integration, Wher&'_gsis the simple arithmetic
average of the discrete series of closure voltaagjeeg. This choice was made to ease the

comparison betwee\TCI and whereagb has to be compared withd.)

cl

11
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The minimum value reached by the closure voltsga,n represents the maximum
rate of flux closure, becausg is a negative number. This quantity best correlaiés Ry max
and R max (> ~ 17%) Table 5). Similar correlations are found wifRy int andRs ni, Which,
naturally, are close tBy max aNdRs max respectively. Solar wind properties correlatghdly

better withVe min than @;nii. The variation of the IMF intensity|B| correlates witiVe min @s
. . | dg|
well as its average rate of change during the dynamessure front rampd—t and the

ramp

variation of the solar wind velocity across the paaf the pressure pU|&eszJ,amp- These last

correlation coefficients remain weak. (All thesaretations can account for 10-12% of the
variance). The solar wind dynamic pressure does@®ein to play a significant role so far in
the analysis of the sample of dynamic pressureegualduced flux closure presented here
(although the dynamic pressure and the solar wabldcity are dependant quantities).

The only potential-related parameter that we fmd¢bé well correlated with one of the
solar wind properties is the intensification of ttlesure voltage!Vq = Ve max— Velinit, the

difference between the maximum and initial closuo#tage as determined on the basis of

SI12 and SuperDARN observationgV,, correlates best witl|B| and with AVSWIramp (Table

6). These correlations can represent only ~9-12%hefobserved variances. The level of
confidence of these correlations is somewhat Idan the values presented above, that had
levels of confidence reaching 0.999. An increasthexmodulus of B, as well as an increase
of the velocity implies an increase of the electrgdd of the solar wind, which is the cross

product of the velocity and magnetic field (we exigd here the improbable situation in which

the increase oB — v — would only take place along the component parad v — B,
respectively —). One can here wonder if a posgleleetration of the interplanetary electric
field into the magnetosphere can significantlyuefice the process of magnetic reconnection.
This might be supported by the fact that the bestetation of4V is found with@,, which,

in principle, is proportional to the electric fiald the solar wind, whereas we have seen above
that the magnetosphere essentially closes a paneciccumulated open flux rather than the

newly opened flux.

Inspection of the correlations found between th&rswind properties and the
guantities representative of the closure proceggesis that the pressure fronts of our dataset
rather had the effect of initiating the flux closuprocess, which was controlled by the
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properties of the magnetosphere. Indeed, the flosuce is not strongly correlated with the
pressure jump. To a first approximation it doesdeyend on the properties of the solar wind
pressure front, but rather on the initial statethed magnetosphere. Clearly, if independent
parameters had to be selected as the main varitiiaiesontrol the compression-induced flux

closure process, one could selégl; andRy maxin the first place, possibly supplemented by

A|B| and AVSWIramp The dynamic pressure discontinuity is rather presehere as a trigger that

favours the growth of some instability of the magsphere and, more specifically, of the
plasma sheet, that eventually ends in a relaxatfadhe whole system through flux closure,
that reconfigures the field of the magnetotkigure 6 shows the lack of correlatio &ble

7) between the dynamic pressure incre#Bg, and the closure voltage intensificatigh’
(Figure 6a) and the closed flug (Figure 6b). The dispersion of the full dataset is such that
no significant correlation can be found. Howewggure 6a also suggests that a subset could
be isolated foriPgyn> ~2.8 nPa (the method used to determine thislibtéss explained in
the next section: it corresponds to an optimaletation). The dotted vertical lines Figure
6a,b isolate this subset, and the solid lines are #astlabsolute deviation fits through the
data. For the subset, higher correlation coeffisieare found fordVy and @ with APgyn
(Table 7), representing nearly 25% of the variance. Thggyests on statistical grounds that a
sufficiently strong solar wind dynamic pressuresputan directly influence the flux closure
process. Indeed, a previous studyHofbert et al.[2006b] showed that a strong compression
of the tail can actively stimulate the flux closymecess in the plasma sheet. Considering the
distribution function of4Pgy, in Figure 2, it clearly appears that most of the pressuretfron
included in our dataset were weak ones, and onkl aeonder if weak and strong pressure
pulses have the same impact on the magnetospineleed, it may seem surprising that the
defining parameter of an interplanetary presswetfdoes not influence at all the response of

the magnetosphere to a pressure pulse.

4. Subset Statistics

As the properties of the solar wind pressure frant®ur dataset do not appear to
significantly influence the magnetospheric respoaspressed in terms of flux closure, we
conducted an analysis aimed at identifying suligetise dataset for which a better correlation
is found between the flux closure-related paramnseted the solar wind-related parameters.

The quality of the correlation is not determinedthg value of the correlation coefficient
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itself, but rather by the level of confidence i ttorrelation, which combines the correlation
coefficient and the number of observations avadablthe (sub)sample. Outliers are rejected
from the analysis by applying the same procedutbdsubset of data as that described above

for the full dataset.

It has been possible to find thresholds on varaysamic pressure-related parameters
that isolate subsets of events for which a coiglas found with the variables describing the
response of the magnetosphere in terms of fluxuobodNe propose to use these thresholds to
quantify what can be considered as a strong salad Wynamic pressure pulse, i.e. a pulse
that causes a magnetospheric response sensitithee tdynamic pressure itself. All things
considered, identifying dynamic pressure fronts liomy assumes that dynamic pressure
variations can be classified into two categoriesdest variations on the one hand, and pulses
on the other, without proposing a well definedestdn allowing us to discriminate between
them. In our dataset selection, we chose to clasisihamic pressure variations as fronts if
they produce a dayside subauroral proton flashhetadetected in the SI12 images. This
criterion makes sense because the dayside sublprotan flash is a natural signature
indicating a sudden compression of the dayside etagphere by the solar wind. Nothing
guarantees, however, that this dayside-basediontatlows us to fully appreciate the nature
of a dynamic pressure variation in terms of théhtsgle response of the magnetosphere to a

dynamic pressure front.

Pressure fronts presenting a solar wind dynamisspire increaséPqyn larger than
~2.8 nPa form a subset for whidfPqy, and4V, correlate well, so that their interdependence
could account for ~25% of the variance of the soipda Figure 7, Table 8). This clearly
expresses a reaction of the magnetosphere in resgonthe dynamic pressure increase in
terms of an intensification of the flux closureerathe same threshold value of ~2.8 nPa was
found when searching for the best possible corcglabetweendPyy, and Vg min but the
correlation coefficient was found to be rather l@as,well as the level of confidence. Finding
the same threshold for these two parameters isurptising, as they are not independent of
each other. It nevertheless suggest that, for gtpressure fronts, the solar wind dynamic
pressure partly controls the process of flux clesarthe tail by compressing it, as explained
in Hubert et al.[2006b]. Variable® is found to have a better correlation witRqy, for a

threshold of ~2.8 nPa as well, the correlation antiag for ~12% of the variance, whilg,

andV, are both found to better correlate witRgy, for a threshold of ~3 nPa. The threshold

14



425
426
427
428
429

430

431
432

433

434

435
436

437
438
439
440

441
442
443
444

445
446

447
448
449

450

451
452

for correlation with4® is 2.8 nPa as well, but the correlation coefficienvery low. A
reasonable threshold to discriminate between steomjweak pressure pulses based on the
dynamic pressure increase across the dynamic peegsup could therefore be chosen as
~2.8 — 3 nPa. This value of the pressure increasebe compared with the typical value of

the solar wind dynamic pressure, i.e. 3 nPaldman, 197] Not surprisingly, a threshold

P
could also be found for the maximum rate of chamigghe dynamic pressuref (Table

max

9). A maximum level of confidence on correlationfa@ind for this parameter withV

(>~ 34%), ®g (12 ~ 24%), V,, (r?~ 14%) andVemn (r?~ 22%) for a threshold value of

I%yn

ot >2.14x10°2 nPals whereas a threshold of 1.80.0% nPa/s gives a maximum level

max

of confidence for correlation with, (r* ~ 12%) andd® (r* ~ 6%, this value being rather

low). A typical threshold could be chosen basedlmse results, but the dynamic pressure

growth has also to last for a sufficiently long ¢ito produce a significant pressure increase.

The closure voltage intensificatiatV.; and the total amount of flux clos€d, are also
found to be well correlated with the maximum dynamiessure reached during the pressure
pulse-induced flux closure intervBlax (Figure 8, Table 10), restricting the dataset to events

With Prax> 5.97 nParf ~ 28%;r? ~ 11% respectively). Maximum levels of confiderme
correlation are found betwe&hax andVe,min Vg andV, when restricting t®max> 6.14 nPa,
with poorer correlation however?(~ 12%; r’ ~ 7%; r? ~ 7% respectively). A reasonable
threshold for a strong pressure pulse could thushbsen a®yax> 6 nPa, but the net change
of dynamic pressure must nevertheless be consigeregell, as shown above, because the

solar wind can present intervals of steady highadyic pressure. Indeed, the dependence on
Pmaxis not able to account for much of the variancthefstudied subsets.

Variations of the solar wind velocity are not ordgsociated with variations of the
electric field in the solar wind, they are alsoeatd produce strong variations of the dynamic

pressure. Both effects could influence the prooéssagnetic flux closure in the tail. Indeed,

AV and AVSWIramp’ the variation of the solar wind velocity durintgetramp of the dynamic

pressure front, are strongly correlatad « 34%) = -0.586,a = 0.9997) if the analysis is

restricted to events witlztlijramp >11.3km/s (Figure 9, Table 11). The correlation is even
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better with the other variables related with thesare voltage, the correlation being able to

account for 53% of the variance ¥f . It clearly appears that an increase of the solad

velocity by more than 11-12 km/s during the ramptted dynamic pressure front causes a

stronger response of the magnetosphere in teriigxatlosure.

Very similar results are obtained concerning theati@n of the solar wind velocity

across the whole interval consideretVs(, = Vswmax— w,inif, DUt with a threshold value of

~8.6 km/s, i.e. roughly 25% lower than the thredhabtained forAszJ,amp (Table 12). This

difference could however be due to the fact that, > Aijramp, which can slightly modify

the correlations. As this threshold is indepenadrthe manner in which the ramp is defined,
it may finally be a more suitable threshold. Oweld argue that a 12 km/s increase in the
solar wind velocity can take place progressivelyirdu a long interval, and should not be
considered a pulse. Indeed, we could also idefttifgshold values for the maximum rate of
change of the solar wind velocity. All thresholdsifid were larger than 0.22 krh/& more
typical value could be ~0.286 krA/d able 13).

Considering the full dataset, it has been foundvabihat a variation of the IMF
intensity influences the flux closure process ie tail, from a statistical standpoint. Keeping

the subset of events for whietiB| > 0.47 nT Table 14), one finds much better correlations

for AVa, Voimin ®a, V, andV, . Indeed, this nearly zero threshold value suggsts in

fact, an increase of the IMF magnitude favourspifeeess of dynamic pressure pulse-induced
flux closure. Further studies should elucidatehiftis specific to the pulse-induced flux
closure, or if this is a general trend includingxflclosure intervals unrelated to a dynamic

pressure front.

The last paragraphs indicate that strong solar wiyrdamic pressure pulses can be
defined, from the standpoint of their implication the process of flux closure, as pressure
fronts presenting the following characteristicglymamic pressure increase of ~3 nPa, and/or
a dynamic pressure reaching ~6 nPa, and/or a welowrease by some ~10 km/s. Events
combining these three properties should naturadlgxpected to be very efficient at directly
stimulating flux closure in the magnetotail. In &agh, an increase of the IMF magnitude is
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also a factor that favours a more intense closatage, but this is not necessarily specific to
pressure pulse-induced flux closure intervals dmlilsl be checked by further studies.

The predominant importance of variations of theasolind velocity can be
highlighted by a full analysis of the subset defir®y 4Py, > 2.8 nPa. For this subset, the
variation of the solar wind velocity is found to thee one that best correlates witid;, Ve min,

D, V_d andV, (Table 15, Figure 10), the correlations explaining between 30 and 46% o

the variations. The correlation between the vanmatof the solar wind velocity and the
parameters describing the pressure pulse-induagcalbsure is obvious. It must be noted that
the preconditioning by the accumulated open flugrpo the pulse arrival at Earth plays now
a minor role. Indeed@,; correlates withd, with r =-0.318 andx = 0.955 only. All other
correlations betwee;,; and the variables listed here are poorer. Cleargmall correlation
remains, especially witkb, because the amount of available open flux linitssamount of
flux that can go through closure, but for stronggsure pulses, this remains a minor factor
compared with the solar wind properties. It mustnbeed thatiPqy, correlates significantly
with A4V (r = -0.483,0~0.997), whereas no other voltage-related paranceteelates well
with APgyn.  This suggests that, for strong pressure fronts tompression of the
magnetosphere leads to an intensification of magmetonnection without determining the

value of the reconnection rate itself. The othdtage-related parameters better correlate with

parameters related with the solar wind velocitys,, as explained above but alsm/wj

ramp’

d(;/fl'w etc. Another parameter that appears in the cdiwalanalysis is the radius of the

max
magnetopause atxv = 0, i.e. at Earth locatiomRy.g, not listed in table 1). Its associated
correlation coefficients, ranging between 0.45 @rib, are generally lower than those found
for the velocity-related parameters. The magnetespihradius can be found at angsy
using a proxy based on the solar wind propertietrinec and Russell, 1993, 19%hd is
dependant on the solar wind velocity, the interptary magnetic field etcdRy.e can be
viewed as a proxy for the compression of the maxgpdtere that only depends on the solar
wind properties, and these correlations show ati@ncompression of the tail favours flux
closure. If a set of independent variables thattrdoute to determine the magnetospheric
response to strong solar wind dynamic pressureodisuities had to be selected, one could

probably choose4vs, and4Pgy, in the first place, possibly supplementedAR.e , but it
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would not be necessary to include the magnetosplpeeiconditioning, in contrast with the
results found for the full dataset.

5. Correlations with Geosynchronous Data

For a restricted subset of events, the GOES-8lisatelas located in the midnight
sector, which we consider here as a 6 h MLT intereatred on midnight MLT. We obtained
24 events satisfying that requirement. The elenatiogle of the magnetic field measured at
geosynchronous altitude by the GOES-8 satelliteyedbas its variations, was compared with
the results obtained from the SI12 and SuperDARM da describe the open flux and the

closure voltage.

The open flux®y,; accumulated prior to the solar wind dynamic press$ront arrival
is correlated with the initial (prior to the froatrival) value of the elevation angdgi; (r = -
0.762,a = 0.998,Figure 11). This is not surprising, considering that botlamtities describe
two different aspects of the state of the magnétesy which as a whole results mainly from
its past interaction with the solar wind. The ofler accumulated by the magnetosphere can
be seen as the set of flux tubes that originatehe ionosphere and close though the
interplanetary medium. The accumulation and vamatdf the open flux results from the
imbalance at “short” time scales (typically ~an howe. the time scale of the substorm cycle)
between the flux opening on the dayside and floswle in the tail. As the magnetosphere is
accumulating open flux, open flux tubes are dragdedntail by the motion of the solar
wind, which eventually produces a stretching of th#, until open flux gets closed by
magnetic reconnection reducing both the stretcliireturn flow of the flux tubes) and the
amount of open flux. Both quantities, open flux aaill stretching expressed here in terms of
geosynchronous elevation angle, thus evolve inpgrgant manner and will, to some extent,
be correlated. The natural consequence is thatheeld expect the flux closure process and

the elevation angle to be partly related to eablerot

The minimum value of the closure voltagg min which represents the extreme rate of

flux closure, is correlated with the minimum rafecbhange of the geosynchronous elevation

angle i—j (r =0.510,a = 0.992 —Fisher testq = 0.985 —Student test-Figure 12). A

reduction of the elevation angle is the signatdra change of the geomagnetic field to a less
dipolar configuration, so that its rate of changemy a flux closure interval can be expected

to be positive. On the other hand, the compreseiothe tail by the solar wind dynamic
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pressure pulse can be expected to produce a Ipstadiconfiguration by moving the tail
plasma towards the plasma sheet, together witfrazen-in magnetic field lines that it hosts,
thus producing a decrease of the elevation angten Fhat standpointg—te‘ can be seen as a
min
proxy for the extreme rate of change of the magrfegid towards a compressed, less dipolar,
configuration. We thus find that the extreme raftdlwx closure is correlated with a proxy
that, in the case of the interaction of the magsmtere with a dynamic pressure front in the
solar wind, describes the extreme rate of comprassi the tail. The correlation that we find
suggests that a sharper compression of the tai$ leaa stronger extreme rate of flux closure.
However, 4V, and the variation of the elevation angle during thmp of the solar wind
dynamic pressure fromeamp are negatively correlated € -0.453,a = 0.981 -Fisher test-;
a = 0.970 —Student testFigure 11), showing that on a slightly longer time scale thosure
voltage intensification dominates the dynamics bE tmagnetospheric topology and
configuration, driving it towards a more dipolaraple. It follows that, in the case of strong
solar wind dynamic pressure pulses, the direct cesgon of the tail (expressed in terms of
the extreme rate of decrease of the elevation aeglgses a transient stimulation of the flux

closure: the stronger the compression, the straiigeextreme value of the closure rate, but it

must be stressed that the negative valu%%f , Which is a value obtained punctually at a

min
given time of the pressure front interval, does pogclude the geomagnetic field from
undergoing a global dipolarization on longer tinoalss during that interval. Nor does this
result preclude other parameters from influenchng ¢dlosure process, but it stands along the
same lines as the results fréfobert et al.[2006b] who also showed that a pressure front can
drive transient flux closure by direct compressafnthe magnetotail down to the plasma
sheet. The first consequence of a compressioneofdl is an increase of the current density
within the plasmasheet. If we note L the charastieriscale of the magnetospheric cavity,
which is reduced by the compression, then the ceagsen of magnetic flux during the
compression implies that the magnetic field strier{@) increases proportionally to ~Z/LIn
addition, the width of the plasma sheet (w) carekgect to decrease proportionnaly to"%L
(approximately, for an adiabatic compression tocamahe field pressure in the lobes), so that
the current density, which is roughly proportiont@PB/w, increases according to ~37LIf
the characteristic scale can be expected to varghly proportionnally to E;n'l’e [Kivelson
and Russell, 1997 then the current density can be expected to yagportionnally to
~Payn ~', 1.e. a bit faster than the square root of theadyie pressure, so that it may
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reasonably be supposed that a sharp increase piatma sheet current density produced by
a dynamic pressure increase could trigger an iigyabtarting or simply increasing the
reconnection rate. The velocity of the plasma flaywut of the reconnection site is, in a first
approximation, the Alfvén speeda\* B/(lo p)” and under the frozen-in approximation, the
electric field is, E~ B, Va [Owen and Cowleyl987]. The effect of compression is to
increase both the magnetic field and the plasmaigenf in addition we assume that the
field and the density increase at roughly the seate (i.e. a doubling of the field would take
place along with a doubling of the plasma densitygn we can expect thata\Will also be
increased by the compression (for example, a dogldf both B ang increases ¥ by a
factor ~1.41). We do not expect that ®ould be much increased by the compression
because, in a slightly idealized view of the magtaet, the magnetic effect of compression is
to move field lines roughly parallel to the plassteet closer to each other, modifying the
magnetic flux threading a surface element perpetali¢o the sheet. It follows that the newly
closed field lines are efficiently evacuated frdm teconnection site due to highet. it also
follows that a larger electric field can be expddtethe vicinity of the reconnection site when
the plasma sheet is compressed, consistently hatintrease of the Alfven speed that results
from the competing increase of both the plasmaitleasd magnetic field, suggesting an
increased reconnection rate. In addition, one caldd speculate that a stronger compression
of the tail could lead to the formation of a receation site of larger extent favouring a larger

value of the extreme rate of flux closure.

6. Discussion

A statistical study, and especially a statisticatrelation study, must be analyzed
considering the possible physical mechanisms tkatl Ito a correlation between two
parameters. Two quantities can be found to be ledea despite the lack of causal relation
between them. Moreover, for large data sampledisstal tests very often indicate the
presence of a correlation between variables tlebhviously unrelated on physical grounds.
In the present study, a very large number of pararsevere defined and correlated with each
other. We restricted our manuscript to the mosni@ant and physically meaningful
correlations. Proceeding this way, we may haveusbad correlations between parameters
that are truly related on physical grounds butvitiich the scatter of the dataset does not
allow us to identify a strong correlation. On thter hand, the most significant correlations

that we presented very likely rely on physical gsses.
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In our search for a criterion allowing discrimimagi between strong and weak solar
wind dynamic pressure pulses, several criteria vpeoposed. This could appear to be an
inconsistency, because one would expect to findglescriterion. However, the concept of a
strong dynamic pressure pulse is somewhat impreaiseé the complexity of the coupled
solar wind — magnetosphere system is such thaegpmonse of the magnetosphere cannot be
fully determined by a single parameter. It is tmed unacceptable to consider that strong
pressure pulses can be defined according to sewedtatia that will not necessarily be
simultaneously fulfilled. Indeed, as we already trmred above, our identification of
dynamic pressure pulses based on the excitatica adyside subauroral proton flash also
selects intervals with a rather weak dynamic pnessariation that does not much compress
the tail and can be considered simply as a trigfggrswitches on the process of relaxation of
the loaded magnetosphere. For these cases, it isungrising to find that the flux closure
process mostly correlates with parameters reprieggtite initial state of the magnetosphere,
l.e. its preconditioning. For stronger dynamic ptes pulses, the preconditioning of the
magnetosphere still plays a role, but the propertie the dynamic pressure front are of

importance as well.

Initially the most natural criterion for identifitan of strong dynamic pressure pulses
is certainly that based on the dynamic pressumease. However, the time scale in which the
dynamic pressure increase takes place is also targoin this study, this aspect did not have
to be explicitly considered because solar wind dyingoressure pulses were identified based
on a pragmatic observational criterion: we seardoedlayside subauroral proton flashes to
identify pulses. Consequently, the time scale ltioin was implicitly included in the process
of events selection: every selected interval didude a dynamic pressure variation that
caused a rapid compression of the dayside magretaspand could thus be considered as a
dynamic pressure front, i.e. presenting a rapidatian of the pressure exerted by the solar
wind on the magnetosphere. The dynamic pressuratioar that we determined for our set of
intervals thus always did take place on a suffityeshort time scale for the purpose of this
study. A typical time scale can nevertheless bghbuestimated using the criterion based on

the maximum rate of change of the solar wind dywapressure. We found strong pulse

dP,
criteria to beAPgyn> 2.8 nPa, andf >2.14x107° nPa/s The ratio of these two

max

thresholds is 131 s. The typical time scale on Wwihie dynamic pressure increase must take
place is thus of the order of a few minutes.
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The results obtained here on statistical groundsragood agreement with previous
studies. Clearly we find that flux closure takesgal in response to the interaction between the
magnetosphere and solar wind dynamic pressuresfrastin previous studies Bpudouridis
et al. [2003, 2004]. Although the auroral precipitationdaflux closure are two different
signatures of that interaction, we find, along Hagne lines as8leurant et al.[2004], that
weak pressure pulses play only a triggering rolanagnetic flux closure, in such a manner
that the detailed properties of the solar wind guwes front have a minor influence on the
magnetospheric response, compared with the infeuen€ the initial state of the
magnetosphere. However, we find that, in the cadsestrong pressure pulse, the pulse does
not only trigger the reconnection process in th& taut also the solar wind properties
significantly influence the magnetospheric respoespressed in terms of flux closure, in
contrast withMeurant et al.[2004]. We also find that a change of the IMF miagte is an
important parameter for dynamic pressure pulsededuflux closure, especially for the
intensification of the flux closure rate. For stgopulses, the solar wind velocity, and
especially its variation, significantly influencdbe process of dynamic pressure pulse-
induced flux closure, which recalls the resultsagi#d byMeurant et al.[2004] concerning
the auroral precipitation. On the effect of thegareditioning, we find that the amount of open
flux available for closure prior to the arrival afsolar wind pressure front is a key parameter
in the case of a weak pulse, along the same lileearesults previously found bjeurant et
al. [2004] for the B IMF component. In addition, we find that the sofehe magnetospheric
cavity also plays a preconditioning role in theecaba weak pressure pulse.

7. Conclusions

We conducted a statistical study of the flux clesur the tail related to solar wind
dynamic pressure fronts. We found that the respafighe magnetotail (in terms of flux
closure) to a solar wind dynamic pressure fromh&nly governed by the preconditioning of
the magnetosphere in the case of weak pressuresp@®qyn< 2.8 nPa) whereas the
properties of the solar wind become key parametetise case of strong pulsesPgy,> 2.8
nPa, taking place at the time scale of a few msjutitndeed, strong pulses are capable of
significantly compressing the geomagnetic tail, ahhivigorously stimulates magnetic
reconnection in the plasma sheet. Geosynchrondasati® show that the compression of the
tail stimulates flux closure. In the case of a waallse, the preconditioning of the
magnetosphere relies both on the amount of openaiteumulated prior to the arrival of the

dynamic pressure front, and on the size of the mi@gpheric cavity. In the case of a strong
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dynamic pressure pulse, the solar wind velocity, @specially its variation, is the solar wind
property that influences the process of flux clestire most, although the variation of the
solar wind dynamic pressure is also an importartbfa The availability of open flux remains

however a limiting factor. We also find that aneimsification of the IMF favours the process
of flux closure, but this may not be a specifictéea of dynamic pressure pulse-induced flux

closure intervals.
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752

Tables

Symbol Definition
New Solar wind numeric density
Vsw Solar wind bulk velocity
Vaw, init Initial value ofvs,, i.e. prior the the dynamic pressure pulse arrival
Vsw, max Maximum value reached by, after the dynamic pressure pulse arrival
i\ Variation ofvs, associated with the pressure pul$@,, = Vsw, max- Vew, init
AVWJramp Variation ofvg, over the ramp of the solar wind dynamic pressutse
Payn Solar wind dynamic pressure
APgyn Variation ofPgyn (pressure jump)
Pdyn max Maximum value oPgy, over a given time interval
dP
ﬁ Maximum value of the time derivative Bfy, over a given time interval
max
B max(min) Maximum (minimum, respectively) value Bf over a given time interval
A|B| Variation of the IMF intensity over a given timdenval
d||3| Averga rate of change of the IMF intensity durihg ramp of the solar
dt amp wind dynamic pressure pulse
Ru Radius of the magnetopause, i.e. standoff distahttee magnetopause
R, max Maximum value oRy over a given time interval
Rs Radius of the bow shock, i.e. standoff distancéhefoow shock
0] Open magnetic flux
Dinit Initial value of® prior to the solar wind dynamic pressure pulsa/akr
Diinal Final value of® at the end of the pulse-induced flux closure wdkr
AD Dfinal - Dinit
Ve Magnetic flux closure voltage (a negative number)
V, andV, Average and median values (resp.yYgfover a given time interval.
Vel min Minimum value ofV during a given time interval
Vel init V. initial value, i.e. prior to the solar wind dynangressure pulse arrival
AV Vo minr-Ve, init: Intensification ofV during the dynamic pressure pulse-
c induced flux closure interval.
ty
Dy Amount of open flux closed during a given time wtd. &, = jvcl dt
to

Vop Magnetic flux opening voltage

tl
Dop Amount of open flux created during a given timeeimal. &, = jvop dt

to
o Elevation angle of the geomagnetic field at geobymous altitude from

the GOES-8 measurements
Einit Initial value ofe, i.e. prior to the dynamic pressure pulse arrival
€min Minimum value ofe over a given time interval
d_j Minimum value of the time derivative efover a given time interval
min

A€ramp Variation ofe during the ramp of the solar wind dynamic presgurise

Table 1. List of symbols used in this study.
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753

Dinal r a

Dinit 0.807 >0.999
B;max | -0.414 0.999
APy | -0.307  0.991
Payn,max| -0.298  0.988

754 Table 2. Correlation coefficients)(@nd levels of confidencer] for @fna With @init , B; max
755  APgyn, andPyynmax @ is the worst of the Fisher and the Student tests.

756

Dy AP
r a r a
Din | -0.397  0.999| -0.410 0.999
Rumax | -0.324 0.988| -0.332 0.990
P | -0.214 0.913] -0.06 0.612

757 Table 3. Correlation coefficients)(@nd levels of confidencer] for @, andA® with &yt ,
758  Rumax, andd,p. ais the worst of the Fisher and the Student tests.

759

Va Va
r a r a
Dinir | -0.456 >0.999 -0.417 0.999
Ruvmax | -0.410 0.999| -0.407 0.999
Remax | -0.408 0.999| -0.406 0.999

760 Table 4. Correlation coefficients)(@nd levels of confidencer] for \Tc, andA® with &yt ,
761  Rumax, andRs max @ Is the worst of the Fisher and the Student tests.

762

Vel,min r a
Dinit -0.334 0.993
Rvumax | -0.415 0.999
Remax | -0.412  0.999
AB| |-0.335 0.993

dlef
dt

-0.344  0.995

ramp

AVg) .| -0.321  0.991

763 Table 5. Correlation coefficients)(@and levels of confidence) for Ve min With @init , Rv max

dB . :
764  Rgmax,4|B], M , and 4v, . a'is the worst of the Fisher and the Student tests.
, dt SWiramp

ramp

765
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AV r a
A|B| -0.352 0.996

Avy) .| -0.300 0.985
P, | -0.356  0.996

766 Table 6. Correlation coefficients)(@nd levels of confidencer] for AV with 4|B| ,

767 Aijramp , andd,p. a'is the worst of the Fisher and the Student tests.
768
APgyn r a
Full AVy | -0.166  0.827

dataset Dy -0.138 0.741
APgyn > AV -0.495 0.998
~2.8 nPa Dy -0.490 0.987

769 Table 7. Correlation coefficients)(@and levels of confidencer| for 4Pgyn with 4V anddg
770  for the full dataset (upper lines) and for the slos data for whicklPgyn > ~2.8 nPa (lower
771 lines).ais the worst of the Fisher and the Student tests.

772
Threshold

APayn (nPa) a

AV 2.8 -0.495 0.9982

Vel min 2.8 -0.278 0.9045
Dy 2.8 -0.340 0.9575
V, -0.220 0.7898
\Q 3 -0.283 0.8958
AD 2.8 -0.162 0.6752

773 Table 8. Subset thresholds and correlationsify,, The correlation coefficient and level
774  of confidencea of the Student test are obtained betwé®g,, and the quantities listed in
775 column 1 restricting the dataset to events for WhiBqy, is larger than the value listed in the
776 column labelled “Threshold”. These thresholds isoléne subset of events presenting the
777 highest correlation level of confidence for eachr p&variables.
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778

779

780

781

782
783

784

785
786
787
788
789

dR,, Threshold

dt (nPaJs) ' a

AVy 2.14 x 10 -0.584 0.9978
Vemin | 2.14x 10 -0.465 0.9809
Dy 2.14x 10 -0.490 0.9870

2.14x 10 -0.369 0.9304
Va 1.80x 102 -0.344 0.9327
A® | 1.80x10° -0.251 0.8112

. The correlation coefficient and

max

P
Table 9. Subset thresholds and correlationsggﬁiﬁ"

and the quantities

dP,
level of confidencex of the Student test are obtained betwe%%m

max

. : . . dP, .
listed in column 1 restricting the dataset to esdat which—22| s larger than the value

max

listed in the column labelled “Threshold”. Theseetholds isolate the subset of events
presenting the highest correlation level of comniickefor each pair of variables.

Threshold
Pmax (nPa) a
AV 5.97 -0.526 0.9972
Vel min 6.14 -0.345 0.9159
Dy 5.97 -0.334 0.9283
V, 6.14 -0.256 0.7932
\Q 6.14 -0.266 0.8109

Table 10. Subset thresholds and correlation$f@r. The correlation coefficient and level

of confidencea of the Student test are obtained betw®gg, and the quantities listed in
column 1 restricting the dataset to events for Wikg.x is larger than the value listed in the
column labelled “Threshold”. These thresholds isolthe subset of events presenting the
highest correlation level of confidence for eachr pavariables.
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790

791
792

793

794
795

796

797
798
799
800
801

With Threshold

AV3W| ramp (km/S) *
AV 11.3 -0.586 0.9997
Vel min 11.3 -0.673 > 0.9999

11.3 -0.638 0.9999
11.6 -0.692 >0.9999
12.0 -0.729  >0.9999

BN

Table 11. Subset thresholds and correlationsAfvzngLamp. The correlation coefficient and
level of confidencex of the Student test are obtained betwefB@WLamp and the quantities

listed in column 1 restricting the dataset to esdat which AVS\,\,LMp is larger than the value

listed in the column labelled “Threshold”. Thesee#holds isolate the subset of events
presenting the highest correlation level of comniickefor each pair of variables.

With Threshold

AVsw (km/s) “
AV 8.6 -0.541  0.9983

Vel min 8.6 -0.577  0.9993
Dy 8.6 -0.614  0.9998
\/_cI 8.6 -0603  0.9997
V, 8.6 -0.643  0.9999

Table 12. Subset thresholds and correlationsi¥gg. The correlation coefficient and level

of confidencea of the Student test are obtained betwdeg, and the quantities listed in
column 1, restricting the dataset to events forcWhivs,, is larger than the value listed in the
column labelled “Threshold”. The same thresholdugalvas found to isolate the subset of
events presenting the highest correlation leveboffidence for each pair of variables.
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802

803

804

805
806

807

808
809
810
811
812

813

With
dv. Threshold "
ma{ﬂj (km/S) *
dt

AV 0.222 -0.471 0.9900

Vel min 0.286 -0.686 0.9994
Dy 0.286 -0.782 >0.9999
V—CI 0.286 -0.738 0.9999
V, 0.286 -0.695 0.9997

Table 13. Subset thresholds and correlationsnﬁav{%). The correlation coefficient
and level of confidence: of the Student test are obtained betweea{%j and the

quantities listed in column 1, restricting the datato events for Whiclma{%j is larger

than the value listed in the column labelled “Thald”.

Threshold

A4|B| (nT) a

AV 0.47 -0.724 > 0.9999
Vel min 0.47 -0.691 > 0.9999
0.47 -0.676  0.9999

0.47 -0.678  0.9999
0.47 -0.724 > 0.9999

= |8

Table 14. Subset thresholds and correlations![Bf. The correlation coefficient and level

of confidencea of the Student test are obtained betwdfB| and the quantities listed in
column 1 restricting the dataset to events for WhifB| is larger than the value listed in the
column labelled “Threshold”. These thresholds isolthe subset of events presenting the
highest correlation level of confidence for eachr pavariables.

31



814

With ' ”

AVsw

AV -0.554 >0.999

Vel.min -0.613 >0.999
D -0.621 >0.999
\/_cI -0.638 >0.999
v, 0.678 >0.999

815 Table 15. Correlation coefficients relatingysw and several parameters describing the
816 dynamic pressure pulse-induced flux closure, @sgtg the analysis to the subset for which

817 4Pgyn> 2.8 nPa. The reported level of confidence waspded applying the Student test. A

818 correlation coefficient of ~0.999 is found applyiting Fisher test.

819
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820 Figures and captions
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822 Figure 1. Dynamic pressure front recorded on 4
823 November 2000: The upper panel shows (a) the
824 open magnetic flux deduced from ionospheric and
825 auroral observations, (b) the net reconnection
826 voltage, (c) the flux opening rate, (d) the flux
827 closure rate. The lower panel shows solar wind
828 data from observations of the ACE satellite (e)
829 density, (f) velocity, (g) dynamic pressure, ang (h
830 IMF B; component. A suitable time shift is
831 applied to account for propagation of the solar
832 wind from the ACE location to the planet.
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Figure 2. Statistical distribution function
(dotted lines) and smoothed statistical
distribution function (solid lines) of (a) the
solar wind dynamic pressure variation, (b) the
solar wind density variation, and (c) the solar
wind velocity variation for the selected set of
solar wind dynamic pressure pulses. The
average and standard deviation of the sample
is indicated for each variable.
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Figure 3. Final open flux as a function of the
initial open flux. The data point overplotted with
a * symbol is an outlier. The solid line indicates
the least absolute deviation linear fit through the
data points (excluding the outlier) and the
dashed line is the regression line. The dotted
line is the bisectrix.
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Figure 4. Open flux variatiom(p) as a function of the initial open flu&;; (2) and maximum
magnetopause radili%; maxexpressed in earth radii (b). Total amount of neigrflux closed
@ as a function of the initial open flugii; (c) and maximum magnetopause radifiSmax
(d). Data points overplotted with a * or a + symboé outliers. The solid lines are the least
absolute deviation linear fits through the datanf®iexcluding the outliers) and the dashed
lines are the regression lines.
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Figure 5. (a) Average closure voltag_gz as a function of the initial open fluk,; and (b) the
maximum magnetopause radidgmaxexpressed in earth radii, (c) median closure geltg,

versus the initial open flud,; and (d) maximum magnetopause radRigmax (d). Data
points overplotted with a * or a + symbol are i The solid lines are the least absolute
deviation linear fits through the data points (exichg the outliers) and the dashed lines are
the regression lines.
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Figure 6. Closure voltage intensification (a) antbant of open flux closed (b) versus
the solar wind dynamic pressure increase. The diotégtical lines indicate a threshold of
~2.8 nPa, the solid and dashed lines are leastuabsteviation fits and regression lines,
respectively, through the data subset satisfyiRg,> 2.8 nPa.
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880 Figure 7. Closure voltage variatiatV (top panel), minimum closure voltaig min (Middle
881 panel) and total amount of flux clos&d; (bottom panel) as a function of the solar wind
882 dynamic pressure incread@gyyn, for the subset of events for whidfPgy, > 2.8 nPa. Outliers
883 were not plotted. The solid lines represent thetlahsolute deviation fits through the data.
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888 Figure 8. (a) Closure voltage variatiatyY,, and (b) total amount of flux closedl; as a
889 function of the maximum solar wind dynamic press@a&ched in each evengPmax for the
890 subset of events for whichgRmax>5.97 nPa. Outliers are not plotted. The solitkdi
891 represent the least absolute deviation fits throtigh data, and the dashed lines are the

892 regression lines.
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Figure 9. (a) Closure voltage variatidW,;, (b) minimum closure voltag€. mi» and (c) total
amount of flux closed as a function of the solar wind velocity variatiduring the ramp of
the solar wind dynamic pressure pulse, for the etub§ events for whictMvsw ramp> 11.3
km/s. Outliers are not plotted. The solid linesresent the least absolute deviation fits
through the data, and the dashed lines are thessgn lines.
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Figure 10. (a) Closure voltage variatidWc, (b) minimum closure voltag®c min, (C) total
amount of flux closed, (d) average closure voltage and (e) median closure voltayg
versus the variation of the solar wind velocitysy for the subset of events for which the

variation of the solar wind dynamic pressureli%y,> 2.8 nPa. Outliers are not plotted. The

solid lines represent the least absolute deviditsrthrough the data, and the dashed lines are
the regression lines.
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Figure 11. (a) Minimum closure voltage versus theimum rate of change of the elevation
angle deduced from GOES-8 measurements, and (lg)dbere voltage intensification versus
the variation of the elevation angle during the pashthe solar wind dynamic pressure pulse,
deduced from GOES-8 measurements. The solid lireesha least absolute deviation fits to
the data, and the dashed lines are the regressem Outliers are not plotted.
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