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Low-latitude geomagnetic disturbances caused

by solar wind pressure impulses and storm-time
periodic substorms during southward interplanetary
magnetic field

C.-S. Huang and K. Yumoto

Abstract: The interplanetary magnetic field (IMF) may be continugusbuthward for many hours during magnetic
storms. The geomagnetic field at middle and low latitudesro#hows periodic~ 3 hour) increases in association

with the storm-time sawtooth-like oscillations of energgilasma particle flux at geosynchronous orbit. Recentiessud

have demonstrated that the sawtooth oscillations repréiseninjections of substorms. However, there is a significan
controversy as to whether the periodic geomagnetic diahads are caused by magnetospheric substorms or by solr win
pressure enhancements. In order to find a solution to thismarsy, we perform a statistical study of the low-latiéud
geomagnetic response to solar wind pressure enhancemeing douthward IMF. Our result shows that the change of
the geomagnetic field is proportional to the change of theisjroot of the solar wind pressure, and an empirical formula
is derived. We may use this quantitative relationship tareste the possible effect of the solar wind pressure on the
geomagnetic field. This method is useful for identificatiow anterpretation of magnetospheric-ionospheric distndes
related to storm-time periodic substorms during a proldnigéerval of southward IMF. We apply the empirical formula

to two storm cases in which periodic substorms occur. It imébthat the periodic increases of the geomagnetic field are
related to the substorm onsets but not to solar wind presgurations.
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1. Introduction like shape with periodic repetitions of sudden flux incresase
followed by gradual flux decreases, so the storm-time périod
Qubstorms are also termed sawtooth events [1, 2]. The sudden

Shtreases of the flux represent the plasma particle flux-injec

is compressed by an enha_nc_ement_ Qf the s_olar wind Pressulfyns from the magnetotail to the inner magnetosphere at sub
the magnetopause current is intensified, which results in-an storm onsets

crease of the geomagnetic field in the dayside magnetosphere.l.he low-latitude geomagnetic field often shows an increase

and on the ground. Observations of geomagnetic field vari(—) both the dayside and nightside after each onset duririg per

ations measured by ground magnetometers during northwaf ic substorms. It is shown by [6, 7] that the increases of the

interplanetary magnetic field (IMF) were reported by [13, 14 . . ;
; : eomagnetic field are caused by three processes: maghetotai
15, 16, 17]. Beside solar wind pressure enhancements, IIv'%urrent disruption, magnetospheric dipolarization, aombt

southward turnings and_ magnetosphenc substorm.s can al%?)heric electric field; all these processes are relatedetonh
cause geomagnetic deviations at middle and low latitudes [1 sets of substorms, On the other hand, it was argued by [9, 10]

8, 18, 6]. o e ;
iy . that the variations of the geomagnetic field were the sigeatu
du-{i?]e mF nceiinc gt% r?r?sntl'ltwgl;f;y r?gtucfgmag?e f&rcgﬁg c:rurgof_ solar wind pressure enhancements and that sawtooth oscil
gmag : 9 P Y %%tions were directly driven by series of solar wind pressur

namic, and a series of substorms can occur. The term, peré’phancements.

odic substorms”, has been used to describe a spe_cific yPe Ofrhe solar wind always has some fluctuations, although the
substorms that last for many cycles, show well-defined wave; )i e of the fluctuations may be large or small. In or-
]Eg”;f]séﬁﬂgthrg\ée nneet(a)lgyhcec;irz:séinbts{)oer&osdﬁé\lltelznsan[ﬁﬁ:iiéid lja'er to identify whether a specific variation in the geomaignet
tin’1e’of~ 2 hou?S' thispperiodicity is determined by the maé— field is causeq b_y a variation in the sol_ar wind pressure, we

' X . need a quantitative measure to determine how large the con-
netosphere, rather than by the solar wind. A prominent feat-r

ture of energetic plasma particle flux variations duringquic ibution of the solar wind pressure can be. This is import-

o nt because it is related to the identification and integpret
substorms measured at geosynchronous orbit is the sawtoo%On of magnetospheric-ionospheric disturbances dutiorgrs

: time substorms with continuous southward IMF. In this paper
Received 15 May 2006. we present the statistical result of low-latitude geoméigme-

C.-S. Huang. Haystack Observatory, Massachusetts Institute ofSPONSe to solar W'nd_ pressure _enhancements_ durl_ng southwar
Technology, Westford, Massachusetts, USA. IMF and use the derived empirical formula to identify the gen
K. Yumoto. Space Environment Research Center, Kyushu Univer£ration mec_hamsm of periodic geomagnetic disturbances du
sity, Fukuoka, Japan Ing magnetic storms.

The solar wind dynamic pressure has important influence o
the Earth’s magnetosphere. When the dayside magnetosph

Int. Conf. Substorms-8:111-116 (2006) (© 2006 ICS-8 Canada



112 Int. Conf. Substorms-8, 2006

2. Observations propagation delay from the satellite position to the magnet
@Ehere. The IMBz must be continuously negative for at least

We first present the observations of geomagnetic changes hour prior to the solar wind pressure impulse and remain

response o solar wind pressure enhancements during sou buthward across the pressure impulse, in order to make sure

)[’;’]aercljlvll'gg 'ncgvl‘fr? giseisé.a':r:gusrgl ;ra S.?]%WSr'efsrgr?éorg;gsborggng’that the magnetosphere is in a state that is controlled bjisou
z P wind p u u (}{//ard IMF. We searched the geomagnetic data over seven years

the ACE satellite and the deviations of the geomagnetic fiel ) : e
northward H) component. The vertical dotted line indicates 1998-2005) and found 43 events that satisfy the aboveriexite

the solar wind pressure impulse and the sudden increase 8itThe statistical result is shown in Figure 2. Figure 2a in-

L = udes all events. The horizontal axis represents the ehahg
the_geomagne_tlc f|elq. ACE was located¥ts. = 250Rg the square root of the solar wind pressure across the impulse
during the period of interest. We use the solar wind velocit

i " . Yand the vertical axis represents the increase of the geastiagn
and satellite position to calculate th‘? propagation defay a field H component in response to the solar wind pressure im-
then match the solar wind pressure impulse with the corre

ponding increase of the geomagnetic field. Accordingly, th nulse. As saipl above, fiye magnetometer sta_tions are chosen,
ACE data are shifted by 53 min in Figure 1a. For all cases, inS0 there are five data points for each event. Figure 2 shows the

T 1 i QR0
cluding those used in the statistics, we use the same meth rgsult over a latitudinal range betwe6f and 367 but not at

) ; : single latitude.

o dtamine h Solr i rpagaion ey e S VLA e st sy gt s, v
geomagnetic field are made with the ground magnetometereﬁ/zr?t';/e{;we)ﬁjgtg ﬁ&l; ecalnngz IQX Irgel;rseed .bnthlegl;(r)ﬁova orf(a)lr
of the Solar-Terrestrial Energy Program (STEP) 210 (de)greg-rnula ' 9 P y ng
magnetic meridian chain around geographic longitudes 110-
140°[21]. We choose five magnetometers, spanning from magA H = 21.67 X (\/ Psw2 — V/ Psw1) — 2.74, (2
netic latitude36° (in northern hemisphere) t86° (in south- . . . .
ern hemisphere), for each event to calculate the geomagnet{/here AM is measured with nT, ané;,, is measured with
response to the solar wind pressure impulse. It is obvicats th 1Pa. The solid line in Figure 2a is plotted from Eg. (2), so
the increase of the geomagnetic field is well correlated witHt ©verlaps the dashed line (data fitting). Note that our ltesu
the solar wind pressure impulse. The INBE remains south- 'S derived exclusively from southward IMF, which is diffete
ward across the solar wind pressure impulse, but its maggitu oM [15] for northward IMF. . .
has some changes. It is not certain whether the change in ﬂZSThere is an offset of -2.74 nT on the right-hand side of Eq.
magnitude of the IMMBz has any significant effects on the geo- (2). Séveral potential processes may cause the offset. fies
magnetic field. We assume that the sudden increase of the gegatistics includes 43 events, and the limited number ofieve
magnetic field is attributed solely to the solar wind pressur M2y be unable to guarantee an accurate empirical formula.
enhancement. Second, we neglected possible effects of the change in the

Local time of the STEP magnetometers is about UT plugnagnitude of the IMiBz when we calculated the net increase
9 hours. The case in Figure 1a occurred on the dayside. Wgthe geomagnetic field, which may bring some uncertainty to
present another case in Figure 1b that occurred on the nighif?€ result. Third, the offset means that the increase of ¢ee g
side. The response of the nightside geomagnetic field tcea solMmagnetic f|§ld will be zero if the increase of_the square rdot o
wind pressure enhancement s similar to that on the dayside.the solar wind pressure is 0.126 (nP&Y; this amount may

A quantitative relationship between the solar wind pressur 'eépresent the minimum solar wind pressure increase retjuire
enhancement and low-latitude geomagnetic response was stlf0 cause observable changes in the geomagnetic field. We will
ied previously. The following formula without distinguisiy ~ further study this issue in the future.

the IMF orientation was derived by [20]: Figures 2b and 2c show the events that are detected when
the magnetometers are on the dayside and on the nightside,
AH — k(\/P—g _ \/P—l) 1) respectively. The dashed line represents the least sqtiare fi

for each category, and the solid line is from Eq. (2). The data

whereAH is the change of the geomagnetic fietds a con- fitting line in Figure 2c for the nightside events is very @os
stant, andP,,,; and P,,,» are the solar wind pressure values t0 the solid line. However, the data fitting line in Figure 2io f
before and after the pressure enhancement, respectivedy. Tthe dayside events does not coincide very well with Eq. (2)
study of [20] included 13 cases. A coefficientiof 18.4 from  because of the data scatter in fewer cases. _
14 cases during northward IMF was derived by [15]. In addi- The statistical result, Eq. (2), can be used as an estimate
tion, k = 7.26 was used in the calculations of the corre@ed  ©f the possible contribution of the solar wind pressure ® th
index [11]. generation of geomagnetic disturbances. We examine such a
We are interested in the geomagnetic disturbances duringgSe that occurred on 18 April 2002 during a prolonged inter-
southward IMF, and the events are selected through thexfollo Val of continuous southward IMF. Figures 3a and 3b present
ing procedure. First, we search the STEP magnetometer daifaé shifted IMFBz and solar wind pressure data measured by
by vision to find the cases in which the low-latitude geomag-the ACE satellite. The IMF is continuously southward for the

netic field shows a sudden increase, such as those shown ole day. The solar wind pressure shows an enhancement at
Figure 1. Second, we check the solar wind pressure and IMRO30 UT and a second, smaller one around 0300 UT. The solar
data measured by the ACE and/or Wind satellites. The sola#ind pressure becomes smail (1 nPa) after 0500 UT. Fig-

wind must have a sharp pressure impulse with a consisteht€S 3c and 3d display the energetic electron flux measured by
the LANL 1991-080 and 1990-095 geosynchronous satellites.
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The sawtooth like variations of the electron fluxes have beely the vertical dotted lines, is a typical signature of magne
analyzed in detail by [4, 2] and identified as the signature ofpheric substorm onsets [4, 5, 12]. The solar wind pressure
periodic substorms with a period ef 3 hours. The vertical does not have any noticeable variations at the times of e su
dotted lines indicate the sudden increases in the electigedl  storm onsets. The geomagnetic field in Figure 4e shows an in-
at the substorm onsets. crease after each substorm onset, as well as after each solar
Figure 3e shows the geomagnetic deviations measured lwind pressure impulse. However, the increases of the geomag
the STEP magnetometers. Only the measurements from fiveetic field after the substorm onsets with stable solar wiedp
magnetometers are plotted over a latitudinal range beté@en sure are comparable to, or even larger than those caused by th
and 36° magnetic latitudes. There are more magnetometersignificant enhancements of the solar wind pressure at 1757
within this range and beyond this range, and all magnetametend 1838 UT.
measurements have similar characteristics. The mosesiter  As discussed above, Eq. (2) provides an estimate of the solar
ing feature in Figure 3e is that the geomagnetic field shows awind pressure effect on the geomagnetic field, which is depic
increase after each onset of the periodic substorms. The onted in Figure 4f. The geomagnetic field has a gradual decrease
exceptionis a decrease after 0530 UT and then an increase affrom 1000 to 2200 UT, which is related to the storm-time drift
0600 UT. Note that the periodic increases of the geomagneti?/hat we are interested is the sudden increases of the geomag-
field occur over an interval of 24 hours. Half of the geomag-netic field after the substorm onsets or after the solar wind
netic increases occur on the dayside, and half on the nightsi pressure impulses. The measured increases of the geolicagnet
We examine whether the periodic increases of the geomadield at 1757 and 1838 UT coincide reasonably with the value
netic field can be caused by corresponding variations in theredicted by Eq. (2), indicating that they are caused by the
solar wind pressure. Eq. (2) provides a method to estimate thsolar wind pressure impulses. The increase of the geomagnet
effect of the solar wind pressure. However, it is difficulide-  field at 0949 UT is also consistent with the effect of the solar
termine the background solar wind pressure. In stead, we takvind pressure. However, the increases of the geomagnéic fie

Py1 = 0andPyy2 = Psy, SO EQ. (2) is reduced to at 1051, 1300, and 1554 UT are obviously related to the sub-
storm onsets, as indicated by the vertical dotted lines taad
AH =21.67 x \/ Psyy — 2.74, (3)  contribution from the solar wind pressure is negligiblehatse

whereP,,, is the total solar wind pressure. It is obvious that imes.
Eq. (3) overestimates the contribution of the solar windspre
sure. We plot in Figure 3f the possible effect of the solardvin 3 piscussion and Conclusions
pressure predicted by Eq. (3) with the measured pressure as
input. As mentioned in Introduction, there is a controversy as to
We are now able to identify which increases of the geomagwhat causes storm-time geomagnetic disturbances durimg co
netic field are related to the solar wind pressure and whichinuous southward IMF. It was argued by [10] that all geo-
are not. At 0030 UT, an increase of the geomagnetic field ignagnetic field variations were caused by solar wind pressure
measured by the magnetometers (Figure 3e) and predicted lephancements and that the sawtooth oscillations wererdrive
the empirical formula (Figure 3f), so this increase may g th directly by the solar wind pressure but not related to mag-
geomagnetic response to the solar wind pressure enhantemeretospheric substorms. However, the different effectshef t
At 0240 UT, the predicted geomagnetic increase is smallesolar wind pressure and magnetospheric substorms were not
than the measured value, implying that the contributiomfro appropriately separated in the study of [10]. In contrass, t
substorms is important for this one. After 0500 UT, the pos-characteristics of the magnetospheric substorms andarelev
sible geomagnetic disturbances caused by the solar wirsd preionospheric disturbances are carefully examined by [7ar2d,
sure are very small. However, the measured geomagnetic fietie authors conclude that the sawtooth oscillations areedd
shows large periodic increases in coincidence with the subsaused by periodic substorms. Our statistics deals witlefthe
storm onsets. The comparison between the measurements dedts of the solar wind pressure on the low-latitude geomag-
prediction indicates that the periodic increases of thergap  netic field during southward IMF. The result shows that the
netic field are related to the substorms but not to the soladwi increases of the geomagnetic field are caused by the periodic
pressure. substorms but not by solar wind pressure enhancements.
Another example of the difference between the solar wind The changes of the low-latitude geomagnetic field caused
pressure and substorm effects is shown in Figure 4. This cadty solar wind pressure enhancements during southward IMF
occurred on 6 November 2000. Figure 4 shows the IB#= can be estimated by Eq. (2). If multiple processes, such as
solar wind pressure, energetic electron flux measured by theolar wind pressure enhancements and magnetospheric sub-
LANL 1994-084 and 1989-046 geosynchronous satellites, gecstorms, occur nearly simultaneously, we may use Eq. (2)do fin
magnetic field deviations measured by the STEP magnetomewhich process is responsible for the generation of lovitldé
ers, and the possible effect of the solar wind pressuregtemtli  geomagnetic disturbances. This method is particularlyulise
by the empirical formula. There are some fluctuations in thdn identification and interpretation of the magnetosphearid
IMF Bz The solar wind pressure shows three enhancements @fnospheric disturbances related to storm-time periodis- s
2.2 nPa at 0949 UT, 20 nPa at 1757 UT, and 12 nPa at 18380rms with continuous southward IMF.

UT, respectively, as indicated by the vertical dashed limég Acknowledgements. The work at MIT Haystack Observat-
solar wind pressure is relatively stablg at other times. ory was supported by the National Science Foundation un-
Figure 4c and 4d show the energetic electron flux at geosyryer grant ATM 0435125. Solar-Terrestrial Environment Liabo
chronous orbit. The sudden increase of the flux, as |ndlcategt0ry' Nagoya University supports construction of the STEP
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Fig. 1. Sudden increases of the geomagnetic field northwiid (
component at low latitudes in response to a solar wind pressu
impulse during southward interplanetary magnetic field )M
Shown from top to bottom are the IMBz component, solar wind
pressure, and geomagnetit deviations. The event in Figure la
occurred during daytime on 28 July 2000. The event in Figure
1b occurred at night on 7 September 2000. The magnetometer
stations are Rikubetsu (RIK), Kagoshima (KAG), Muntinlupa
(MUT), Darwin (DAW), Learmonth (LMT), and Birdsville (BSV)
Magnetic latitude (MLAT) for each station is given in the figu
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Fig. 2. Statistical results of the sudden increases of the low-
latitude geomagnetic fieltd component caused by solar wind
pressure impulses during southward IMF for (a) all everti, (
dayside events, and (c) nightside events, respectively. deished
line represents the least square fitting of the data. The siak
represents Eq. (2).
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Fig. 3. Effects of storm-time periodic substorms on the Fig. 4. Same as Figure 3 but for 6 November 2000.

geomagnetic field during southward IMF on 18 April 2002.

From top to bottom are (a) IMBz, (b) solar wind pressure,

(c)-(d) energetic electron fluxes at geosynchronous ofbjt,
measured low-latitude geomagneticdeviations, and (f) possible
geomagnetidH deviations caused by the solar wind pressure. The
vertical dotted lines indicate substorm onsets.
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