
Unclassified
SECURITY CLASSiFICATION OF THIS PAGE

Form Approved
REPORT DOCUMENTATION PAGE OMB No. 0704-0188

lV a REPORT SECURITY CLASSIFICATION lb RESTRICTIVE MARKINGS

Unclassified
21 SECURITY CLASSIFICATION AUTHORITY 3 . DISTRIBUTION/ AVAILABILITY OF REPORT

Approved for public release; Distribution
2b. DECLASSIFICATION / DOWNGRADING SCHEDULE unlimited

4 PERFORMING ORCANZATION REPORT NUMBER(S) 5 MONITORING ORGANIZATION REPORT NUMBER(S)

(J PL-TR-91-2027
6d.NAM OFPERFORMING ORGANIZATION 6b OFFICE SYMBOL 7a NAME OF MONITORING RAIIM
Philips Laboratory,Geophysic (if applicable) O G N2~

Directorate 1PHP ViECD tc ADDRESS (City, State, and ZIP Code) 7b ADDRESS (City, State, and ZI~~~--'
Hanscom AFB 1. "

Massachusetts 01731-5000

3a~ NAME OF FUNDING /SPONSORING 8 b OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT idtY ATION NOU R
ORGANIZATION (if applicable)

8c ADDRESS (City, State, and ZIP Code) 10 SOURCE OF FUNDING NUMBERS

PROGRAM PROJECT TASK WORK UjNIT
ELEMENT NO NO NO ACCESSION NO4

_______________________________62101F I7601 I22 I 02
11 TITLE (include Security Classitication)
Solar Wind Conditions for a Quiet Magnetosphere

12 PERSONAL AUTHOR(S)

K.J. Kerns. M.S. Gutssgnhnvpn
13j. TYPE OF REPORT 13b TIME COVERED 114 DATE OF REPORT (YearMonth. Day 15 PAGE COUNT

Reprint FROM _ ___TO ___- 1991 February I7 9
16. SUPPLEMENTARY NOTATION

Reprinted from Journal of Geophysical Research, Vol. 95, No A12, pages 20,867-20,875
December 1, 1990

17. COSATI CODES 18 SUBJECT TERMS (Continue on reverse it necessary and identify by block number)
FIELD GROUP SUB-GROUP Quiet magnetosphere, Baseline magnetosphere,

L Solar wind, Magnetosphere coupling

19. ABSTRACT (Continue on reverse it njecessary and identity by block number)

The conditions of the solar wind that lead to a quiet magnetosphere are determined under the
assumption that the quiet or baseline Maglietosphere can be identified by prolonged periods of low
values of the tint index, We analyzed solar wind data from 1978 to 19S4 (7 years) during periods in
which ain _ 3 nT to identify those solar wind parameters that deviate significi-rntly li average
values. Parallel studies were also performed for prolonged periods of Kp 0. 04- and AE < 35 nTl. We
find that for quiet times the solar wind velocity (V), thle interplanetary magnetic field magnitude (Bi).
and the z cojaiponent of the IN1P (ft.) show distinctive variations f'romn average values. We
independently %aried these solar wind paramoters and the length of' time the conditions must persist to
minimnize ant. This was done with the additional requirement that our conditions yield a reasonable
number of occurrences 05% of tlte data set). The resulting baseline conditions are V Z 31X0 kmls;
180' - arctati 11851lij ::; 101 when B '- 0 (no restriction on B. positive); R 7 6.5 nT;, and persistence
of thtese conditions for at least 5 hours. Mitnimizing the ouit index does not require a clear upper limit
on the value of B: as might be anticipated front the work of 6ussenhoven (1988J and Ilertltelier (1980).
Apparently, thtis is a resuilt of the requiretment thtat the conditions must occur 5.1 of the timue. WVhen the
requirctltent is lowered it) 11A occurrence, an upper limtit to 11, ettlerges.

20 DISTRIBIUTION /AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
0 UNCLASSIFIEO/UNLIMITEO 19 SAME AS RPT 0J OTIC USERS Unclassified

22a NAME OF RESPONSIBLE INDIVIDUAL 22b IELEPHONE (include Area Code) 22c. OFFICE SYMABOL

M.S. Gtissenhoven (Al 7) 1-77-.'1 ' I PHP
DDForm 1473, JUN 86 Previous editions are obsolete. SECURITY CLASSIFICATION OF THIS PAGjE

Unclassified



PL-TR-91-2027

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 95. NO. A12, PAGES 20.867-20,875. DECEMBER I. 1990

Solar Wind Conditions for a Quiet Magnetosphere

K. J. KERNS AND M. S. GUSSENHOVEN

Geophysics Laboratory Hanscom Air Force Base, Massachusetts

The conditions of the solar wind that lead to a quiet magnetosphere are determined under the
assumption that the quiet or baseline magnetosphere can be identified by prolonged periods of low

V values of the am index. We analyzed solar wind data from 1978 to 1984 (7 years) during periods in
which am =< 3 nT to identify those solar wind parameters that deviate significantly from average
values. Parallel studies were also performed for prolonged periods of Kp = 0. 0+ and AE < 35 nT. We
find that for quiet times the solar wind velocity (V). the interplanetary magnetic field magnitude (B).
and the z component of the IMF (B.) show distinctive variations from average values. We
independently varied these solar wind parameters and the length of time the conditions must persist to
minimize am. This was done with the additional requirement that our conditions yield a reasonable
number of occurrences (5% of the data set). The resulting baseline conditions are V -_ 390 km/s:
180* - arctan 1By/B.1 <= 101' , when B. - 0 (no restriction on B. positive): B - 6.5 nT; and persistence
of these conditions for at least 5 hours. Minimizing the am index does not require a clear upper limit
on the value of B. as might be anticipated from the work of Gussenhoven (1988) and Berthelier (1980).
Apparently, this is a result of the requirement that the conditions must occur 5% of the time. When the
requirement is lowered to 1% occurrence, an upper limit to B. emerges.

i. INTRODUCTION positive and that activity may actually increase in this range.
The objective of this research is to determine the set of solar

Gussenhoven [19881 suggested that a useful definition of a wind conditions that lead to a quiet magnetosphere when
baseline magnetosphere is a magnetosphere in which cou- "quiet" is determined by magnetic indices.
pling with the solar wind is minimized. She reviewed mag- We consider three magnetic indices to be appropriate for
netospheric particle, current and electric field data to show this study: Kp. AE, and am. The Kp index correlates well
that minimum coupling occurs when the solar wind velocity with other methods of specifying magnetospheric activity
(V) and the interplanetary magnetic field (IMF) magnitude such as the total energy flux of auroral precipitation [Brauti-
(B) are small, as at the end of a well-formed solar wind gain et al., 1988], the location of the auroral equatorward
sector. She also found evidence that weaker conditions boundary [Galperin et al., 1977; Gussenhoven et al.. 19811,
occur when the IMF north-south component (B:) is near and the magnitude of magnetospheric electric fields [Kivel-
zero, rather than for strongly northward conditions which son, 1976]. Kp is a 3-hour index formed from K index data
produce an active polar cap. In addition, a relaxation time is obtained from 12 stations around the world ranging in
required for the magnetosphere to attain a quiet state. She geomagnetic latitudes from 480 to 630 [Knecht and Shaman,
proposed the following conditions for the baseline magneto- 19851. Its major drawback is that using time averages of K
sphere: B < 5 nT, 1B,.1 < 2 nT. V < 400 km/s, and persistence indices to show average activity can be misleading because
of these conditions for 2-4 hours before the baseline mag- the K indices are logarithmic in nature. Average activity is
netosphere is reached.There are many statistical studies relating solar wind better shown by using data measured on linear scales. The

p Ter ae manestatisic tdies in saer 1986; Kp index is converted to a linear scale in the ap index, but
parameters and magnetospheric activity fsee Baker, 19 because it is originally defined using K indices from individ-
Akasofa, 1981, and references therein]. By far the greatest ual stations. ap is limited to 28 values ranging from 0 to 400
effort has been to determine the drivers of active, or storm ua . sta o f a sm ited i t ion of a lues. The ho urly
and substorm conditions. These efforts show that magneto- nT. instead of a smooth distribution of values. The hourly
spheric magnetic activity is proportional to the magnitude of AE index is a monitor of activity in the auroral zones
both B: (when it is southward) and V[Arnoldv. 1971; Burton, (60--7d) [Kam pei and Maed7. 19824. The hourly values of
1975; Akasofut, 1979; Berthelier. 1980" Maezawa and Mu- this index are complete from 1978 to 1984. Because it uses
rayama, 19861. Increased B and ion temperature are also magnetic variations only in the auroral zones, it is notrensitive t986agnencreasedcBcandreionotemperatureiarecalso
associated with increased magnetic activity [Berthelier. sensitive to magnetospheic compressions or activity caused
19801. Wilcox and Ness [1%5] related the periodic nature of by northward B. [Berthelier, 1980]. The am index [Menvielle

geomagnetic storms and substorms to solar wind sector and Berthelier, 19881 is a 3-hour planetary index which is an

changes, showing that geomagnetic activity is greater at the improvement on the Kp index. Although am has similar

leading edge of sectors, as is V and B. Auroral activity as coverage in latitude as Kp. the longitudinal distribution of

measured by the auroral electrojet index. AE. diminishes geomagnetic stations is better, and a linear scale is main-

when B_ becomes small, or positive [Ho fnan el al., 1988]. tained throughout the accumulation and averaging process
However. Berthelier [19801, Brautigan' tt a!. 119881. and [Knecht and Schatnan, 19851. Thus the am index gives aHard , e al. [1981I] give evidence that magnetospheric activ smooth distribution of values ranging from 0 to greater thanto eal.[vdeceha a become st l 400 nT. We perform this study using all three indices butity does not continue toreport here the details of results using only the am index

This paper is not subject to U.S. copyright. Published in 1990 by because of its advantages over Kp and AE. Results using the
the American Geophysical Union. Kp and AE indices were very similar to those using the am

Paper number 90JA01597. index. The solar wind conditions are ,necified hv hourlv

2 91 2 0q
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National Space Science Data Center (NSSDC) data for 7 TABLE I. Comparison of the 7-Year (1978-1984) Average
years from 1978 to 1984 [Couzens and King, 1986]. The data Values of Solar Wind Parameters and Magnetic Indices

base covers a large enough period of time that seasonal and to the Average Quiet Values

diurnal effects, discussed by Berthelier [19761, will be aver- Ratio of
aged out. Parameter Quiet Value Normal Value Change

This report is organized into two parts. In section 2 we
identify the solar wind parameters, which when limited, lead am. nT 1.7 0.9 (121) 25. - 27. (61368) 27.0V. km/s 340 -- 50 (95) 430 -- 100 (45459) 1.8
to a quiet magnetosphere. In section 3 we determine the best T. 1000 K 34. -- 28. (66) 81. ± 80. (30793) 1.7
way to limit the solar wind parameters in order to give the N, cm - 3  7.8 -t 5.2 (95) 9.3 ± 7.2 (43784) 0.3
lowest magnetospheric activity while, at the same time, B. nT 5.3 ± 1.6 (94) 7.4 ± 3.4 (43831) 1.3
maintaining a significant number of occurrences (5% of the B,. nT -0.1 ± 3.6 (94) -0.1 ± 4.4 (43831) 0.0

B_, nT -0.3 ± 3.1 (94) 0.2 ± 4.9 (43831) 0.0
data base). B. nT 1.8 ± 1.8 (94) 0.0 ± 3.8 (43831) 1.0

0. deg 59. ± 35. (94) 90. _ 44. (43831) 0.9
IBI, nT 3.2 ± 1.7 (941 3.7 - 2.4 (43831) 0.3

2. IDENTIFICATION OF IMPORTANT DRIVING IB,.i, nT 2.6 ± 1.8 (94) 3.9 - 3.0 (43831) 0.7
PARAMETERS B, nT 3.6 ± 1.9 (94) 5.3 - 3.3 (43831) 0.9

If the solar wind is the driver of major magnetospheric Seventh hour of am !5 3 nT for 9 hours. Number of data points is
processes whose times scales are of the order of hours, then shown in parentheses.
certain solar wind conditions will lead to a quiet magneto-
sphere. one exhibiting minimal magnetic activity on the
same time scales. These conditions may involve restrictions expected delay in the magnetosphere's reaction to solar
on some or all of the solar wind parameters. If the magneto- wind conditions thereby giving us confidence that a stable
sphere has the capability of storing some of the energy quiet period has been identified. For each of these "quiet"
transferred from the solar wind, then this storage capability hours the hourly averaged solar wind and IMF parameters
will cause a delay in the magnetosphere's reflection of solar are retained and averaged.
wind conditions. Magnetospheric activity may be high as Table I shows the average values of the solar wind
long as stored energy is dissipated. LikewiF, , the magneto- parameters for the complete 7-year period (normal value)
sphere may remain quiet at the onset of energy transfer from and the average values for the selected quiet hours during
the solar wind to the magnetosphere. the 7 years (quiet values). We reiterate that the "quiet

We define as significant solar wind parameters for the value" is the average of the given quantity for the data base
quiet magnetosphere those parameters which when re- created of points of the seventh consecutive hour of amn - 3
stricted for extended periods lead to low values of am. We nT. The sample standard deviation for each parameter is also
identify these parameters in the first instance by examining listed. The number of data points for each parameter is
prolonged periods of low values of am and finding which shown in parentheses. The column labelled "ratio of
solar wind parameters are significantly different from the change" shows the ratio of the difference between the quiet
average solar wind values. The identification is aided by also and normal averages to the quiet sample standard deviation.
comparing the distributions of values of solar wind parame- This ratio is indicative of how significant the change in the
ters during quiet times to those occurring when there are no average value is with respect to the statistical uncertainty of
restrictions on geomagnetic activity, the data. If the ratio is close to I or higher, the change is

Several solar wind parameters are considered here. The considered significant.
solar wind plasma parameters are ion bulk flow speed V (in In conjunction with the average values listed in Table I.
km/s). ion temperature T (in K). and ion number density N we show in Figures la-le how the solar wind plasma
(in cm -3). The interplanetary magnetic field (IMF) parame- parameters vary before, during, and after extended quiet
ters are the magnitude of the IMF. B (in nT) and its three periods. The plots are the result of a 42-hour epoch analysis
vector components. B,. B,. and Bz. The components are in which hour zero (the shaded region) is the seventh
given in geocentric solar magnetospheric (GSM) coordi- consecutive hour of am _ 3 nT (i.e.. the hour used in the
nates. We also order magnetic activity by the arctan BIBrI. "quiet value" average). For each hour identified in the quiet
the magnitude of the component of the IMF normal to.i (B,,), time data base, the hourly averaged values of a given
and 0 where 0 = arctan IB,/B:! for B: > 0 and 180' - arctan parameter from 24 hours prior to 17 hours after hour zero are
B./B:! for B. < 0. The arctan IB,/B,.; relates the direction of added to an array with corresponding elements ranging from
the x and Y components of the IMF with respect to i. The -24 to 17. Since the solar wind data sets are not complete.
variable 0 gives information on the direction of the IMF a second array counts the number of values added to each
component normal to i independent of its magnitude. B,, element in each array. For each point in the array, the
gives information on the magnitude of B perpendicular to the average of each parameter is determined. In Figures la-le
solar wind velocity, which relates to the convection electric these are displayed all in the same format. The dashed line
field. shows the average value of the given parameter over the

A data base for quiet times is formed that lists every hour entire 7-year period for all am values (that is. the normal
in which am s 3 nT and is preceded by exactly 6 hours of value listed in Table IH: dashed lines were not shown for
am !_ 3 nT. Thus quiet periods which are longer than 9 hours averages very close to zero.
are included only once, and zero hour for these periods is the We now consider the average values and the ratio of
seventh hour of quiet. The am index is less than or equal to change in Table I and the temporal variation of parameters
3 nT approximately 5% of the time. The data base covers the around the quiet hour to determine those parameters that
years 1978-1984. The 6-hour requirement is longer than the best characterize conditions for a quiet magnetosphere. In
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30 transfer from the solar wind to the magnetosphere, all else
being equal, is proportional to V. This parameter has the

o,,. nT a highest ratio of change of any of the solar wind plasma
,o0 parameters. Figure lb shows that the epoch average values

of V under quiet restrictions on am change only slowly in the
0 42-hour period, decreasing from 380 to 340 km/s at hour zero

and staying essentially constant for the next 17 hours. The
400 b 7-year average value with no am restrictions is 430 km/s. The

V. km/s solar wind ion temperature T is also significantly depressed.
30Figure Ic shows that for at least 24 hours prior to hour zero

, 300 Tdecreases, and the decrease is by more than 50%. Because
0o-T is highly variable on relatively short time scales, we found

, 4it unreliable as an indicator of quiet.
T, 10000 K 45 C N is not significantly depressed from normal values during

the quiet period (Figure Id). The epoch analysis shows,
0 thowever, that N increases to greater than normal values for

1positive elapsed time, that is, after the extended period of
quiet. This is the clearest indication we find that extremely

N, cm" 65 d quiet periods may often occur prior to a sector change as
suggested by Gussenhoven [1988]. Wilcox and Colburn

0 [1970] have shown that, on average, sector changes are
01 preceded by increases in N, while V, B, and magnetic

activity remain at minimal levels. To pursue this point
0_e further, we examined the 121 quiet periods identified in this

P Lanalysis for sector changes near hour zero. Only 60 cases
have good IMF coverage (90% complete) for the hours from

0-o -24 to +25. Of these 60 cases, 48 indicate one or more-20 -,S -,0 -5 0 5 0o 5
RELATIVE HOUR large-scale changes in the sign of the hourly value of B,

within 24 hours of hour zero. We thus conclude that ex-

Fig. I. Time variation of the average values of (a) am and (b) tended periods of magnetic quiet, as identified here, have
the solar wind velocity, (c) temperature, (d) density, and (e) relative high probability of being found prior to sector changes.
change in dynamic pressure, during periods of extended am - 3 nT The epoch analysis indicates a tendency for the average
(hour -6 to hour 2). The dashed lines indicate unrestricted 7-year solar wind dynamic pressure (cNV 2) to decrease before a
averages, and no dashed line indicates this average was near zero.

quiet period and increase after a quiet period, since the
average V decreases before and during the quic! period and
the average N increases afterward. Because a change in

Table I and Figure la the values for am are given first for dynamic pressure is a mechanism to add or extract energy
reference. Since restrictions on am were used to define the from the magnetosphere through compressions and expan-
quiet periods, am, of all the parameters, has the highest ratio sions, we study the dimensionless parameter AP/P to deter-
of change. The number of 7-hour periods of am :_ 3 nT is mine how often additional decreases in dynamic pressure
121. All hours in the epoch analysis have the same number of occur within the quiet period. AP/P is defined as I - NV 2

occurrences since am is a complete data set from 1978 to (h - l)/NV2(h), where h indicates the current hour and h -
1984. The values for three consecutive hours are identical, as I indicates the previous hour. Average values of &PIP are
is expected, because am is a 3-hour index. Of particular determined by calculating individual hourly values of AP/P
interest in Figure Ia is the fact that 9-hour periods of am <- and then averaging them. Figure le shows the variation of
3 nT occur in prolonged periods of magnetic quiet. The AP/P for the epoch. We first note that AP/P is negative for
overall average value of am is 26 nT, but in the near 2-day many hours preceding and throughout the quiet periods,
period surrounding the quiet period, the epoch average am indicating a trend for the pressure to lessen. The rate of
remains below 14 nT. Not shown in Figure I are the results decrease peaks between -5% and - 10% per hour. Follow-
of the same epoch analysis for an and as (the northern and ing the zero hour, AP/P is positive, indicating a state of
southern hemisphere indices of which am is the average), Kp increasing pressure. This is no doubt related to the sector
and AE. All indices show the same type of variation that am tendency for N to increase as well. After several hours, AP/P
shows, all being severely depressed throughout the whole is variable, which is the condition we might normally antic-
42-hour period compared to average values. In particular, ipate. The peak average variation of APIP from zero was
for the Kp study the zero-hour average value of Kp is 0.3, - 10% (hour - 16), whereas the sample standard deviation of
the maximum reached in the 42 hour epoch is 1.6, while the that hour was roughly 44%. During hours -9 to - I where
7-year average is 2,6. Similarly, for the AE study, the there was a definite trend for AP/P to decrease, the sample
zero-hour average value of AE is 25 nT, the 42-hour maxi- standard deviation for each hour was 3-6 times greater than
mum value is 135 nT. while the 7-year average is 245 nT. the offset from zero. This indicates there were almost as

Figure lb shows the epoch variation of the solar wind many increases in AP/P during the quiet periods as de-
velocity V. Note that the range of the y axis starts at 300 creases. In the period immediately preceding and during the
km/s instead of zero. V is significantly depressed during the quiet period, the maximum sample standard deviation was
quiet periods. This is expected since the rate of energy 44%, indicating very few occurrences of AP/P of magnitude
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a were considered separately, we found that both were some-

what depressed from their average values (see Table I). Of
B, nT 6 note is that throughout the period of quiet in the epoch

4 analysis, IB.,l was somewhat greater than IB.], while before
2 and after the quiet period, RJI was dominant. Figure 2d

B, nT o b shows this trend throughout the epoch using the arctan
jB,1/BI.

2 The B. component shifts significantly northward during

quiet periods. The mean increases to 1.8 nT from the normal
By, nT o average of 0.0 nT. Figure 2e shows that B: tends to be

-2 northward for several hours before the minimum am. It
60 returns to normal values much more quickly than does B,

Ton'3 deg 30 d which is depressed throughout the entire epoch. 0 (Figure

I'.By] 2') also reflects the tendency for the IMF to turn northward
0 during quiet periods. It has a ratio of change and time history
2 7 similar to that of B.. (Recall that 0 = 0' for B. strictly

B,, nT o e northward, 90' for B. = 0, and 1800 for B. strictly south-
ward.)

-2 eohta h
-0 -- The epoch analysis indicates that the magnitude of the

IMF changes on a much longer time scale than does its
0. deg so direction and that its directional changes include B, and B,

o - TIT- - - -as well as B.. On average, B is depressed from the 7-year
" - - -average value up to a day before hour zero of the quiet

B,, nT 3 g period. An average B. begins to have a significant northward
component at -8 hours, which is about the same time 0

-2 begins to deviate from the 7-year average value. Similarly.
-20 -1 0 -5 0 5 )0 15 arctan !B,/Bj begins its excursion above the average at this

RELATIVE HOUR time, although this is a much smaller deviation than that of 0.

Fig. 2. Time variation of the average values of (a) the IMF One can deduce from these changes and from the changes in
magnitude. (b).x component. (c) v component. (d) arctan (IB,/B,). IBI and IB&j (not shown) that the directional changes in the
(e) z component. (f) 0. and (g) the component normal to the IMF are not only northward but also to greater alignment
velocity, during periods of extended am _ 3 nT (hour -6 to hour 2). with the x axis. If a greater alignment with the x axis
The dashed lines indicate unrestricted 7-year averages, and no contributes significantly to the conditions that create quiet
dashed line indicates this average was near zero. periods, we would expect B, (B2 + BI)" 2 1which will

minimize as IB I maximizes) to be more significantly de-
pressed than B during the quiet period. Figure 2g shows that

greater than 50%. A - 50% change in APIP equates to a 1. 1 B,, moves in the same manner as does B. but changes occur
RE increase in the standoff distance of the dayside magne- more rapidly. B,, is less significantly depressed and has a
topause, a +50% change to a 0.6 RE decrease in standoff smaller ratio of change than that of B (Table I). indicating
distance. These differences are calculated for a quiet time that directional changes which increase alignment with the x
standoff distance of 9.5 RE using our average quiet V and N axis do not necessarily create quiet conditions.
from Table I. Thus, changes in dynamic pressure that lead to In summary, the significant parameters for determining
variations in the standoff distance between 8.9 and 10.6 R: prolonged periods of magnetic quiet are identified as the IMF
are apparently not large enough to cause the magnetosphere orientation. IMF magnitude, and V. Either 0 or B. can be
to leave the quiet state as we have defined it. used to express the orientation of the IMF. By using 0 we

In Figures 2a-2q we review the epoch analysis results for avoid repetition of correlation between the magnitude of B.
the IMF parameters during quiet periods. In Table I. B and magnitude of the IMF. The average values of these
shows significant variation from the average during the quiet quantities are significantly different for extended periods of
period. Figure 2a shows that B is depressed during the entire quiet than for the 7-year average values with no restrictions
period of the epoch analysis compared to the normal value on magnetic activity. To complete the identification of
and tends to slowly increase after the end of the quiet period, parameters, we compare the distributions of values of the
Note that the range of B in Figure 2a is 4-8 nT. three parameters for the quiet periods and for no activity

Changes in B, and B,. are shown in Figures 2b and 2c and restrictions over the 7-year period. Figure 3 gives distribu-
indicate that for prolonged quiet periods there is no direc- tions (in percentage of occurrence) of the three parameters
tional preference in the x or y directions of the IMF. The V, B. and 0 with no restrictions on magnetic activity for 7
quiet values of B, and B,. are within ±0.3 nT in the 6-hour years (light shading) and the distributions (in percentage of
period surrounding hour zero. The standard deviations as occurrence) during hour zero of the quiet period (heavy
well as the averages of B, and B,. were calculated for each shading). The 7-year distributions have approximately
hour of the quiet period. We note that the calculated quiet 44.0X) data points, and the hour zero distributions have
standard deviation of each of these components reaches a approximately 90 data points. For B and V the quiet distri-
minimum during hour zero of the quiet period (not shown). butions are shifted greatly to smaller values, and there is a
This indicates that the magnitudes of B, and B, are limited reasonably clear breakpoint, above which occurrence of
during the quiet periods. When the magnitudes of B, and B, high values is small or zero and shows little significance. The
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breakpoint values are 400 km/s for V and 7 nT for B. The 50

distribution of 0 during hour zero is limited to angles less 40

than 900, while the normal distribution is centered about 90'. '
j 30

3. LIMITING THE PARAMETERS 120
The parameters B, 0, and V are identified in section I as 10H

important parameters in determining when a quiet magneto-
sphere occurs. In this section we determine what limits to t 'io o, ' ', o, , 6"
these parameters cause the resulting average value of am to '.10 '" O 'V_0 'Vo 'o 600 q 6V'o
be minimized while allowing a 5% occurrence. In other RANGE OF V, km/s
words, we attempt to specify the range of parameters V, B,
0 and the time necessary for their persistence in order to 30
guarantee a magnetosphere characterized by low am.

Although other studies have investigated the variation of 20
magnetic activity with individual solar wind parameters, we 20

repeat these variations for V, B, and 0 over the 7 years of our
data set. Here we look at the average value of ar that results o0
if we estrict the range of V, B, and 0 for four hours. No C
restrictions are placed on the other two parameters when
each of the three parameters are restricted. In every case the 0

value of am used is taken in the fourth hour of any period in . V '9 .6 '1 ." .
which the solar wind parameters met the restriction for 4 RANGE OF B, nT

60
40 50

50

30 ' 40

30
20

1I0 1~0

".o o o "'
9'o '6'o '0" o - g o "o 'o 0 "

RANGE OF V, km/s RANGE OF 0, dog

Fig. 4. Average value of am when solar wind velocity (top).30 IMF magnitude (middle). or 0 (bottom) are limited for periods _ 4
hours.

20

hours. Averages are performed for the 7 years from 1978 to1 0. 1984. Figure 4 shows the results.
M The average value of am varies almost linearly with B and

o -- A I h V. increasing as the central value of the range of B and V
q, < ,, , ', ', , l'e , 1' o ', "%'& increase. The variations at high B and V are less smooth than

RANGE OF 0, nr the lower values because the number of events in each
average is smaller here. The linear increase with B and V
indicates that when limiting these two parameters to achieve
the lowest am value, only upper limits need to be consid-
ered. Lower limits are zero, or whatever minimum value the

20 solar wind can achieve. For 0. smaller values (i.e.. those
with a positive B. component) generally result in smaller
values of am. Activity increases sharply as B: becomes more

o 10strictly southward. However. there is some indication that
minimum am occurs in the range 400--60 ° and increases as B.

o %becomes more northward. This indicates that an upper and
'to '-,l ' " "b 'o , '% "o ', -, " lower limit of 0 should be considered when limiting the data.

RANGE OF 0, dog We attempt to minimize am, then. using five variables.
These are B,,. V,, 6,,. tOm. and At. The first three variables are

Fig. 3. Normal distribution of solar w lhJ velocity (top). IMF

magnitude (middle). and 0 (bottom) for 7-year period of data (light upper limits on B. V. and 6 and the fourth is a lower limit on
shading) and distribution of those parameters during hour 7 of an S 0. The final variable At is persistence and indicates how
3 nT for 9 hours (dark shading). many hours the first four limits were required to be met. As
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the limits become more restrictive, the average value of am ,
that occurs during periods that meet those limits is expected .6 !
to decrease. At the same time, more restrictive limits have a a
lower frequency of occurrence. It is possible to be so
restrictive that although the average value of am is 0 nT, --
there are only one or two I-hour periods in the entire 7-year 1 2 3 4 5 6 7

data set where these cases occur. Since we want our Persistence, Hours

conditions to have meaning, we require limits on the solar , -

wind that are met at least 5% of the time. "i 1
The number of occurrences for a given set of limits is a 2- b

function of the dependent variables B,,, V,, 0,,, 01, and At.
The total number of periods of complete solar wind data sets 0

in the 7-year period of coverage range from approximately 4 5 6 7 8 9 10 ,1 12

41,300 when At is I hour to 32,000 when At is 6 hours. Upper limit of B, nT

Because At must be an integral number of hours (due to the
hourly nature of the data set), it is considered separately 3 1
from the other limits. The data become less smooth as the C
number of occurrences decrease due to statistical error, I
making it difficult to relate the solar wind limits to the 0-0
number of occurrences. In order to smooth the data relating 3Up 30 400 440 48 520 50

the number of occurrences as a function of a given set of a-_Upper lmit of V. km/s

limits, the data were fit to the general form of the equation 61

where y is the number of occurrences and n = 255. Xj are
functions of B,,. V,,, 0,,, and 0, of the form Xj= B fV,',',0d' 060 75 90 105 120 135

where a, b, c, and d are integers from 0 to 3 and j = a + Upper limit of 0, degrees

4b + l6c + 64d. These ranges were chosen because visual 4-

inspection of the data revealed that each limit varied with a
significant third- and fourth-order component. Powers 2 - e
greater than three were not used so that high-order varia-
tions in the data would be left out and because computing 0
time for the problem increases exponentially. (Note that a = 0 10 20 30 40

b = c = d = 0, results in Xo = I.) The method of least Lower limit of 0, degrees

squares discussed by Bevington [19691 results in n + I Fig. 5. Number of occurrences in 7 years of the solar wind
simultaneous equations of the form meeting the solar wind limits At = 4 hours. B,, = 8 nT. V,, = 440

a0 N + aI.X, + a , + -- + aIXX kms. 0,, = 900. and 01 = 200. These limits were held constant while
(a) At. (b) B,,. (c) V,,. (d) 0,, and (e) 01 were individually varied.
Squares indicate actual numbers of occurrence, while crosses

yiX,= ao4X, + a1,XIX, + a2X'X +"" + aXXX. (Figures 5b-Se) indicate a least squares fit to the number of
occurrences.

The equations were solved by matrix manipulation. A linear
correlation between y and the number of occurrences re-
sulted in a correlation of greater than 0.999 for all values of of am changes for the same variables and values given in
At. Figures 5a-5e show how the number of occurrences Figure 5. Quite clearly, more restrictive limits for At, B,. V,,
change with each variable. The actual number of occur- and 0,, do cause the average value of am to decrease.
rences are indicated by the squares. while the crosses Activity decreases only slightly as 0, increases in Figure
indicate the number of occurrences predicted by the fit. 6e. Our research has shown that 0 has an effect on activity
Figure 5a shows only actual number of occurrences because only when 0,, is small (less than roughly 100 ° ) and when the
the fit does not include At as a variable. Each figure shows persistence is greater than 2 hours. The effect of 0, increases
how the number of occurrences changes as a single limit is as 0,, decreases, and the persistence increases. This is
varied over its range, while the other limits are fixed at At = demonstrated in Figure 7 where 0,, = 600 for the lower curve
4 hours, B,, = 8 nT. V,, = 440 km/s. 0,, = 90'. and 0 = 200. and 90' for the upper curve and the values of the limits B,,.
The ranges of each of the variables shown in Figures 5a-5e V,4 . and A, remain those given for Figures 5 and 6.
are the ranges for each variable over which the fit was The limits to the solar wind parameters which occur 5% of
performed. The least squares fit follows the actual data with the time and most efficiently lead to a quiet magnetosphere
very little error. can now be identified. They are identified by minimizing the

A functional relationship of the same form as that given for equation relating average am to the solar wind limits with
the number of occurrences was fit to the average value of respect to V,4 . 0,,. and 0,. B,, is made a function of the other
am. The correlation between measured and fit data was three limits by setting the equation relating the number of
greater than 0.995 for values of At from I to 6 hours. The occurrences to 5%. At a 5% occurrence, the minimization
data set became very rough at At = 7 hours, resulting in a surface is very smooth and has one minimum in the range of
poor correlation. Figures 6a-6e show how the average value the data. The starting values for the minimizations for each
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0 toTABLE 2. Best Set of Limiting Conditions on Solar Wind
and Resulting Average am at a 5% Occurrence for

Different Persistence

At. hours V,. km/s B,. nT 0,. deg 01. deg am. nT

0-4 5 340 6.0 97 0 6.1
I 2 3 4 5 6 7 2 350 6.2 97 0 5.4

Persistence, Hours 3 370 6.3 98 0 5.1
10 4 380 6.4 99 0 5.0

C 8-5 390 6.5 101 0 4.9
E 6 400 6.7 103 0 5.0
6

2 o
10

4 5 6 7 8 9 0 1 12

Upper limit of B, nT value of At were V,, = 380 km/s, O = 98*, and 0/ = 10°. V,
0,,. and 0, were stepped in I km/s or 1V increments in the
minimization procedure. The solar wind limits identified

a6 which most efficiently lead to a quiet magnetosphere for each

4 value of At are shown in Table 2. The values of At are in

2 - hours, V,, is in kilometers per second and is rounded to the
0' nearest 10, B,, and am are in nanoteslas and are rounded off

320 360 400 440 480 520 560 to the nearest tenth, and 6,, and 6, are in degrees and are
Upper limit of V, km/s rounded off to the nearest one.

C

S6.4. RESULTS AND DISCUSSION
• d

/ - The data in Table 2 show a very smooth increase of the
2- solar wind limits as At changes. As the persistence increases.
o6 75 90 0 20 135 the other limits become less restrictive as expected. Of the

Upper limit of 0, degrees conditions shown in Table 2, those for a persistence of 5
10 -hours give the lowest value of am. Figure 8 shows the

6- distribution of am that meets the restriction that all solar
6 - e wind velocity and IMF data is complete for 5 hours (upper

14 curve) and the distribution of am that meets the 5 hours
2- limits given in Table 2. The area under the lower curve is
0 oroughly 5% the area under the upper curve, and as expected,

0 10 20 30 40 the distribution of the lower curve of am is restricted to very
Lower limit of 0, degrees low values.

Fig. 6. Average am in 7 years of the solar wind meeting the Although am is restricted in the lower curve of Figure 8.

solar wind limits A: = 4 hours. B,, = 8 nT. V,1 = 440 km/s. 0,, = 90' ,  there is still a tail on the distribution where relatively high
and 01 = 200. These limits were held constant while (a) At. (b) B,. (c) values of am occur. The four highest of these values of am
V,. (d) 0,,. and (e) 01 were individually varied. Squares indicate
actual average am, while crosses (Figures 6b-6e) indicate a least
squares fit to the average am.

1200

1000

6-

4-i 600

3-1400
2-2

I - 0

L i I 0 10 20 30 40 50
10 20 30 40

Ie lqr Fig. 8. Number of occurrences of each value of am during the 7
Fig. 7. Variation of the average am over 7 years with respect to years of data during complete 5-hour data sets of IMF and solar

01. At = 4 hours. B,, = 8 nT, V,, = 440 km/s, and 0,, = 90' (upper wind velocity (upper curve) and during V - 390 km/s, B - 6.5 nT.
curve, crosses) and 0,, = 60 (lower curve, circles), and 0 - 101' for at least 5 hours (lower curve).
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TABLE 3. Best Set of Limiting Conditions on Solar Wind result in only slightly higher average values of am. The limits
and Resulting Average an at a 1% Occurrence for determined in this report that lead to minimal magneto-

Different Persistence spheric activity are very similar to those predicted by

.1.. hours V,,. km/s B,,. nT 0, deg 0l. deg am, nT Gussenhoven f 19881 with the exception that there is no upper
limit to B. An upper limit begins to emerge as the require-

1 320 4.7 85 30 4.5 ment for percentage occurrence is decreased.
2 320 5.4 88 27 3.8
3 330 5.7 88 27 3.5
4 350 4.9 93 17 3.55 380 5.0 92 19 3.4 Acknowledgments. We would like to thank Ihe National Geo-6 390 5.0 92 18 3.4 physical Data Center for kindly supplying the am. as, and an data6__ 390_ 5.__ 94_ 18_ 3.4_ and the NSSDC for supplying the solar wind and Kp data.

The Editor thanks R. A. Hoffman and J. A. Sauvaud for their
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