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Introduction

Solar magnetic field lines are convected away from the sun by the
expanding solar wind. Measurements by spacecraft of the resulting mag-
netic field in interplanetary space revealed that this field is highly
ordered and organized on a large scale, Wilcox and Ness (1965) intro-
duced the concept of Interplanetary Sectors as being extended regions of
space where the magnetic field lines are predominantly directed either
away from the sun or towards the sun along the basic Archimedes spiral
induced by solar rotation (Parker, 1958), Because the sector-structure
only changes slowly with time it must reflect a similar ordering of the
solar magnetic fields, Many interplanetary and solar parameters have
been found to vary in an organized way within the magnetic sectors, An
increasing number of terrestrial phenomena are being found to respond to
the sector-structure as it sweeps past the earth in the course of solar
rotation, It is therefore of considerable interest to have a continous
record of the sector-structure covering an extended interval of time,

The present Atlas has been prepared to meet the need for such a record.

The interval of time covered by the Atlas isIEE%ia through {1974,
Reasonable coverage of in situ measurements by spacecraft is not avail-
able before 1965 and even after that substantial data gaps exist from
time to time, In order to fill in these gaps and to determine the sec-

tor-structure prior to 1965, we have used ground-based magnetograms

from stations within the terrestrial polar caps. At such stations the

" —

geomagnetic field variations are well correlated with variations of the

"

interplanetary field (e.g. Svalgaard,1974), Several analyses have shown

(e.g. Friis-Christensen et al.,,1971) that it is possible with fair accu-
racy to infer the interplanetary sector polarity from these geomagnetic
variations., For the purpose of the present Atlas we have investigated
the accuracy of these inferred polarities as will be detailed in section
3. It was felt justified to adopt a daily index of (either observed or
inferred) sector polarity covering the entire interval 1957-1974, In

the following sections details of techniques and procedures will be pre-

sented,




Description of techniques for determining or inferring the sector polarity

Polarity determinations are made by utilizing magnetic field data
from spacecraft, The spacecraft data is usually averaged over some time
interval ranging from seconds to hours. To determine the sector polar-
ity an averaging interval of the order of one hour gives a reasonable
time resolution. The data is usually represented by the field magnitude

and the field direction given by a latitude angle © and a longitude angle

¢ in an appropriate coordinate system. The natural system to use near

tHe earth is the geocentric-solar-equatorial system that has its X-axis

———————,

pointing towards the sun from the center of the earth. The Z-axis 1is
ﬂ -

parallel to the solar rotation axis positive northwards while the Y-axis

completes a right-handed coordinate system (positive opposing solar ro-

e

tation and planetary motion), The longitude angle ¢ in this system is

measured from the X-axis (OO in the direction of the sun) in the solar
———— <’_~_—\———-—~_

o
equatorial plane so that the Y-axis has longitude 90 . This longitude

e sty gt e e

angle of the field direction is used as basis for determination of the

field polarity.
B i —_____]

It should be appreciated, however, that the field polarity is a
physical concept rather distinct from the more formal definition of the
instantaneous field direction. The polarity is a large-scale property
of the interplanetary magnetic field. This property expresses our knowl-
edge of the intrinsic direction of a field line convected to us from near
the sun by the solar wind plasma., Meso-scale and small-scale processes
may cause the instantaneous field vector to have any direction whatsoever
irrespective of the field polarity. This is illustrated in Figure 1,
which shows the distribution of the longitude angle for 12229 hourly av-
erages of the interplanetary field, The Figure, however, also shows the
strong tendency for the field to have a longitude close to either 1350
(Away polarity) or to 315° (Toward polarity) with very few cases with

longitude near 450 or 2250. One could define the polarity to be Away
T

0
if  45°< ¢ S 225 and Toward otherwise. But if during successive hours
T N T T T ——

the longitude were to change slowly trough (say) 1100, 900, 700, 500, 30°

o o
and then back: 50 , 70 , etc. to 135° it is clear that the polarity
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Distribution of longitude angle for 12229 hourly averages of the inter-
planetary magnetic field measured by spacecraft Explorer 33 and Explorer
35, The theoretical longitudes for Away and Toward polarity along the

ideal field spiral are shown by the dashed lines., There is a pronounced
tendency for the field direction to lie near the ideal spiral, The or-

o)
dinate is number of averages in each 5 bin of longitude.



probably did not change, so @ more realistic determination of the polarity

involves a certain amount of judgement,

Observations clearly indicate that the number of sectors observed
during a solar rotation 1sﬂ£§}rly small (of the order of 4), This Justi-
fles trylng to minimize the number of SeCLOTS by ignoring reversals of
the polarlty lasting only a few hours even if these reversals are very

sharp and clear, A further compl1catlon is that the nature of a field

- —

reversal - a socalled : sector boundary~— varies greatly from one reversal

to the next, Sometlmes the time of the boundary pa551ng can be deter—

mlned to w1th1n a m1nute Whereas at other t1mes the fleld direction may

change gradually over many hours or a sharp boundary may move back and
forth past the spacecraft several times during an interval of up to a day,

At such times the field polarity may be designated as "'mixed"

A characteristic of the spacecraft data is the frequent occurrence
of gaps in the coverage. By employing several spacecraft (when available)
this problem may often be replaced by a somewhat less serious difficulty,
namely that of combining data from spacecraft in differing orbits and per-
haps with different averaging intervals, Intercomparison of simultaneous
measurements made by different spacecraft usually show a rather high de-
gree of agreement although disagreements occasionally occur, especially
under disturbed conditions. The general procedure adopted here is not to
average simultaneous measurements but to select a spacecraft as the pri-
mary source for a selected interval, i,e. to define a ranking order among
the available spacecraft, This procedure can be generalized to defining
a ranking order among already published compilations of interplanetary
sector polarities., Several such compilations exist (section 4) and have

been utilized heavily in the preparation of the present Atlas,

It is important to stress the fact that the sector structure re-

ferred to 1n the Atlas 1s the structure observed at the“earth.] In using

data from deep space 1nterplanetary propes, which reach considerable dis-

tances from the earth both in radial and azimuthal direction, _a correctlon

musthe,applied to the timing of the observations before they can be com-

4




pared W1th near- -earth cond1t1ons This correction is made on the assump-

tion that the solar wind velocity is uniform and radial and may introduce
errors on the order of a day in determining the time of passage of a sec-

tor boundary.

Before comparing the sector-structure with features on the sun it

should be realized that the observed sectors refer to cond1t10ns near the

e o T .

ePllpth plane about 41 days after the plasma left the sun, This is the

i i h PR e e

time 1t takes the solar w1nd to carry the fro7en in" magnetic field of
the solar corona out to the distance of 1 astronomical unit, Of all the

solar wind parameters it seems that the imbedded magnetic field is the

critical physical quality that governs the interaction between the solar

wind and the magnetized earth, Direct connection or linkage of the inter-

planetary magnetic field lines and the terrestrial magnetic field pro-
vides for transter of solar wind klnetlc energy to the stretched out geo—
magnetic tail: the magnetlc f1e1d of the earth is belng deformed“and bent
away from the sun (e.g. reviews edited by Williams and Mead, 1969; also
Svalgaard, 1975a)., The geomagnetospherlc conflguratlon appears to be de—
pendent on the d1rect1on of the 1nterplanetary magnetlc f1e1d and it was
realized some years ago that the different configurations have different

magnetic signatures as measured on the ground in the terrestrial polar

caps (Svalgaard, 1968, 1972; Mansurov, 1969; Wilcox, 1972),

The Jmportant 1nteract10n parameter iswthe interplanetary eleetr;o“

g et e

field, E = V X B, 1n the frame of the magnetosphere so that actually

Vet ~ ~ 1“ N

the components of the magnetic field B that are perpendlcular to the solar

wind ve1001ty V are important The ground effects just ment1oned allow

one to determlne the sign (and less reliably also the magnitude) of the
azimuthal E—Component, BYM {h the plane of the geomagnetic equator, Due
to the spiral nature of the a;erage interplanetary magnetic field with
the field vector directed predominantly along an Archimedes spiral root-
ed in the sun, and because the geomagnetic equator at the most is about
400 inclined to the average spiral, there is normally a good correlation

between the polarity and the sign of the azimuthal component., This cor-

relation improves if the average properties are compared over progressively

5




longer averaging intervals, For an averaging interval of 6 hours the
sign of the BYM-component agrees with the sector polarity 88% of the
time; for 24 hours the agreement increases to 91% (Russell and Rosen-

berg, 1974),

Geomagnetic observatories routinely record the variations of the

— LI e T

ééomaggetic_figld;\usually magnetograms of three vector components are
iyggféiﬁed daily. The fluctuations of the field are rather small, very
rarely exceeding 1 percent except in the polar regions where disturb-
ances up to 10 percent have been recorded, {pﬁ}he so-called polar cap
(within about 15O of the magnetic pole) t?ese disturbances are most
pronounced around local noon; gpgy‘are at %ifst glance erratic, some-
fimes positive and sometimes negative. The sector structure provides
the key to understanding the morphology and possibly the cause of these
fluctuations., Figure 2 shows the variation of the vertical component,

Z at Thule and of the horizontal component, H, at Godhavn for several

’
days around the sector boundary passing on July 25, 1968, Thule is
located less than 40 trom the magnetic pole (more precisely the in-
variant magnetic pole, c¢f. Hess (1968) page 59) while Godhavn at 12?5
from the pole is near the polar cap boundary, The undisturbed level of
the geomagnetic components is indicated by dashed lines on Figure 2,

The azimuthal component of the interplanetary magnetic field changes sign
abruptly near 12h UT on July 25 and the perturbances at Thule change from
negative to positive, This is the basic change of the geomagnetic field
as a response to a change of sector polarity: the irregular daytime de-
viations change sign, The precise nature of these deviations varies from
oggerVatofy to observatory depending on distance from the pole, on sub-
soil conductivity, and on the time difference between solar local noon

and so-called magnetic noon (defined analogously to local noon but re-

ferring to the invariant magnetic pole),

That the relation between the polar cap magnetic deviations and the
azimuthal component of the interplanetary field holds not only on a time-
scale of a day (as in Figure 2), but extends even to short-period fluc-

tuations can be seen clearly in Figure 3 , where daily magnetograms of
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the vertical component, 7Z, at Thule are superposed on plots of the azi-

muthal component observed by the IMP-3 satellite. The records have been

IMP-3

2 AUG 65

3 AUG 65

8 AUG 65|14k

9 AUG 65

14 AUG 65
0 NS VN U NN W U S S W S
oouUT 04 08 12 1) 20 24
THULE
Figure 3. Comparison of Thule 7 magnetograms with the azimuthal compo-

nent (Y) of the interplanetary magnetic field in the solar
ecliptic (SE) coordinate system observed by the IMP-3 satel-
lite for several days during northern summer, The Thule Z
component (dotted line) is plotted positive downward (Adapted

after Kawasaki et al,, 1973).

slightly shifted with respect to each other to obtain the best visually

h
observable correlation during the dayhours (12-24 UT), Even variations




on a time-scale of 10-20 minutes appear to be correlated during the day-

hours. On the average the variations of Thule Z are delayed about 20

minutes with respect to variations of the interplanetary magnetic field
ST - DR O T - ! 4 bt

indicative of the typical response time of the magnetosphere to this

type of fluctuations.

Quantitative investigations of this relationship show (e.g. Friis-
Christensen end Wilhjelm,1975) that the value of the vertical component,

7., in the central polar cap may be written
Z(t) = Zo5 + Z' - k-BYM(t-20 min) (1)

where Z, is the very slowly varying background field, and the Z' term in-
CIUdeS,Ei} variat}QQ§”pgtmre1ath to’the azimgﬁhgl compoggpt BYM (in geo-
centric solg;wﬁagnetOSpheric coordinates) of the interplanetary magnetic
field, IEE»S9€§§%E?9nt k'is about 10 on the average but varies greatly
with local time, with season and witﬁrthe sﬁnspot cycle. These regular
variations of k by up to a factor of iO are important for the practical
uéépbf fhe above ekpréssion in determinihg BYM“from’Z. w¥£mghi§w}?3gewe—

nough, the BYM-term will dominate over the Z'-term allowing BYM to be de-

g sy i A

termined.
Much work has been done with hourly averages of Z and of BYM, In
this case the 20 minutes delay mentioned above can usually be neglected.
To be precise, the coefficient k also depends on the length of the aver-
gging interyal; one hour is so short that we usually can neglect this
cgggflggzﬁon too. A final point of interest (and possible confusion)
is that the k-coefficient has the same sign in both the northern and the
southern hemisphere if the vertical component 7Z is treated as a signed
quantity. Traditionally, 7 is considered positive when directed down-
ward, i.,c. toward the earth, Hence 7 is positive in the northern hemi-
sphere and negative in the southern hemisphere, The effect of positive
BYM is then to decrease the numerical magnitude of Z in the’nérthernr
hemispﬁere but to increase the magnitude of Z in the southern hemisphere,
On ﬁagneéégfﬁms f;gm the southern hemisphere the 'positive' direction of

Z is often reversed; caution should be exercized when interpreting such



magnetograms. As an aid in this interpretation we show Figure 4 which

has been constructed using hourly means and depicts the variation of Z

in the two opposite hemispheres for three different ranges of BYM.

NORTH SOUTH
0 12 24" uT 0 12 24Nyt
T T T T T T
7
Zy BY < 7;/ \\\ Zy //A\\BY5—37
// \“ /_~/-/ \_\
58300} e \ -604504L~ N
......... ~ ;'-..l.BYlS 1.5y = M
* IBYI 1.5y
BYZ+3y BYZ+37
582001 -60550 B
1 \ 1 1 L L h
0 12 24h uT 0 12 24" UT
RESOLUTE
BAY VOSTOK
Figure 4,

Diurnal variation of the vertical component Z at Resolute
Bay and at Vostok during 1967-1968, All hours where the
hourly averages of the interplanetary east-west component
(BYM) were less than -3 nT were averaged for each UT hour-
ly interval to yield the dashed curves. When BYM is
greater than +3 nT, the solid curves result, while the
dotted curves were computed for times when BYM was near

zero (JBYM} = 1.5 nT). (After Berthelier et al,,1974),.

- -5
(1 nT = 10 9 Tesla = 10 Gauss = 1 gamma)

A characteristic feature here is that Z depends on BYM during about half
of the day, The sensitive interval is about 2-14hUT in the southern
hemisphere and about 12—24hUT in the northern hemisphere with most sen-
sitivity near the center of the intervals. These intervals coincide

with local daytime at the invariant magnetic poles and do not vary much

10




from station to station within the same polar cap. The maximum k-value

is seen to be about 75 nT/BYM=3 ~ 15 and is found near 9hUT at Vostok and
near IShUT at Resolute Bay. This value is an average over the years 1967-
1968, Within a given year the maximum value of k varies from about 1 at
Midwinter to about 40 at Midsummer, In addition k varies by more than a
factor of 2 during the sunspot cycle, being largest at sunspot maximum.
Study of all these variations is still in progress and so far no solid
calibration of k exists, It is therefore premature to use eq. (l) to in-
fer the magnvtude of the azimuthal component of the 1nterp1anetary fleld

T e DN e

1t 1s worth mentlonlng that about a decade of spacecraft measurements

seems to 1ndlcate that the field strength of the 1nterplanetary fleld
does not vary with the sunspot cycle, This somewhat weakens the Justl—

fication for attempting to determine such a variation using eq. (1).

Determining the sign of the azimuthal component - and thereby the
polarity of the field - does not require knowledge of the k-value but
only that k is large enough that the BYM-term in eq. (1) can produce a
}orugnlyable magnetic 31gnature Experience (and also the analysis in
section o) shows that this is almost always the case., If BYM were nearly
constant during a number of consequetive days the same magnetic signature,
determined by the diurnal variation of k and shown in Figure 4, would be
nbserved each day. At a sector boundary passing BYM would change sign
and the magnetic signature would similarly reverse as we saw in Figure 2,
Various techniques for recognizing the BYM magnetic signature have been
discussed in the literature ranging from simple visual inspection and
judgement to completely formalized computer algorithms applied to digi-
tized magnetograms. The main difficulty is, of course, separation of
the Z'-term and the BYM-term. If the record is sufficiently regular in
appearence and resembles one of the two average signatures then one may
often assume that the 7' variations are small and insignificant, but
cases can be found where this is not true and it is often better to try
to identify possible Z' variations on the magnetogram rather than to

neglect such variations.
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The largest contribution to the Z'-term comes from a nearly sinus-
oidal diurnal wave that can be discerned on the magnetograms on most of
the days. The amplitude of this wave is about 60 nT, but again this may
vary by a factor of 10 depending on season and on activity level, Figure

5 shows this regular diurnal variation at Thule and at Resolute Bay.

REGUL AR DIURNAL VARIATION OF VERTICAL FORCE
58150 T T T T T T T

Z,RESOLUTE
140\ 1954-69
130+
nT
120
110
- BYM-
58100 VARIATIONS
7
160}
56150}
Z,THULE
140K {957 -70
nT
130}
56120 1 1 ] ! 1 { i 1 1
0 3 6 9 2 15 18 21 24 3 eh uT

Figure 5. Regular diurnal variation of the vertical component
at Thule and at Resolute Bay. Magnetic local noon

h
is at 14 UT and at 20hUT respectively,

In terms of local time, AZ is positive in the morning and negative in the
afternoon, and the sector polarity related perturbations are superposed

on the regular variation around local noon., This regular diurnal varia-
tion is largest near 75o magnetic latitude and decreases to insignificance

at the invariant pole,

A sequence of magnetograms exemplifying the diurnal variation with
superposed perturbations is shown in Figure 6. The regular diurnal wave
has been identified on each magnetogram and drawn as a dotted line, As
Mayaud (1967) points out, this identification should be done such that it

corresponds to a possible form of the diurnal variation. The line should

12
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Figure 6. Magnetograms from Thule during the interval 1-23 Sept.
1970, The Z-traces have been redrawn using hourly aver-
ages, The dotted lines indicate the regular diurnal
wave as identified individually for each day., Perturb-
ations from this regular curve are shaded., The left-

hand panel shows a sequence of perturbations classified
as type C, while the right-hand panel shows type A.
September 12 shows a mixed signature and may be classi-

fied as type B.

he drawn by free hand and one should not hesitate too long before making

a choice: in doubtful cases, one has to proceed quickly, It would be

totally wrong to use an average curve, say over the month in question,

to represent the diurnal wave on each individual day. The day-to-day
variability of the amplitude and (to a lesser extent) the phase of the

diurnal wvariation is a very important parameter and must be dealt with

properly,

It is evident from Figure 6, that positive perturbations dominated
SRR e S
the Thule Z-magnetograms throughout the interva

1-11 September. During

I

PR Pt R g+ s
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that time the earth was within a broad Toward sector and we consistently
see the geomagnetic signature of Toward polarity (or negative BYM). On
September 12 the interplanetary field was fluctuating and the BYM compo-
nent changed sign at 15hUT and back again at 20h before the polarity fi-
nally changed to Away at OBhUT on September 13, After that the polarity
was Away until September 28, Correspondingly we observe negative perturb-

ations of Thule Z: the signature of Away polarity (or positive BYM).

When the regular diurnal variation of the day is identified it is
very easy to infer the sector polarity for that day simply by noting the
sign of the residual deviations during the interval 12-24hUT (in the
northern hemisphere), From a purely morphological point of view one can
classify each day according to the predominant sign of these deviations
into two types called type C (p051t1ve dev1at10ns) and type A (negatlve

dev1at1ons) respectlvely, with a p0551b111ty of a type B denoting days

with a mlxed’51gnature. The designations A and C are kept for histori-

cal reasons (Svalgaard,1968)., It is apparent that txpe A domlnantly is

BV L M

observed during AWay sectors while type. C 1s domlnant in Toward sectors

S NPT e AR

T S S bt i

During 1oca1 winter the magnitude of the regular diurnal variation

as well as of the sector related perturbations decrease dramatically,

et

But since both decrease, the separation problem becomes no more difficult

PR

provided the magnetograms are recorded with sufficient sensitivity. To
illustrate this point, Figure 7 shows the average variation of Thule 7
during all days of the months of December 1963-1970 where the polarity
was known from spacecraft measurements, In Figure 7a we see the now
familjar signatures superposed on the sinusoidal diurnal wave, In Figure
7b the diurnal variation has been subtracted out, The important thing
to note is that the amplitude of the effects is very small, of the order
of 5 nT; this corresponds to less than } millimeter on the original
magnetograms, and shows to what precision and with what care the magneto-
grams must be scaled or digitized., Alternatively one could employ vario-
meters with a scale value of 1 nT/mm or better; due to the high level of
activity during the summer this is, unfortunately, not normal procedure

at polar cap observatories.
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“igure 7a, Average variation of Thule 7Z during all days of the months
of December 1963-1970 (local winter) where the sector po-
larity was known from spacecraft measurements. Open cir-
cles show the variation on days with Away polarity; filled
circles show the variation on Toward days. The regular
diurnal variation is indicated by a dashed curve, The ab-
solute levels of the curves have been adjusted to agree
during the night hours. Secular variation and data gaps

cooperate to make these absolute levels slightly different.

Despite the very small effects in Midwinter, it is still possible
to infer the sector polarity with fair accuracy (Mansurov et al,,1973;
this Atlas: section 3). Py employing two stations in opposite hemispheres
an even better result can'ggdé;ﬁected of course, An additional advantage
of two antipodal stations is the extended coverage of the UT-day; one

station being most sensitive during the first half of the day, the other

during the other half,
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Figure 7b, Same as Figure 7a but with the regular diurnal variation
subtracted. The bar at the right shows the scale of one

millimeter on the original magnetograms.

We have described the sector polarity effects on the vertical com-
ponent in some detail to enable the reader to appreciate the intricacies
of the method of inferring the polarity from geomagnetic data. At the
same time it is anticipated that the reader by understanding some details
will be encouraged to use the inferred polarity data with confidence.

It should be realized that near the polar cap boundary, sector effects
are most prominent in the horizontal components of the geomagnetic field
and somewhat different considerations apply. Further details about all
these effects and their use for inferring the sector polarity are given
by Svalgaard (1973,1975) and the possibility of automating the procedure
has been considered by Campbell and Matsushita (1973). So far attempts
to automate the procedure of inferring the polarity have met with little

success, mostly because of the difficulty of identifying the Z' variations.
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As a further aid in interpreting polar cap magnetograms for the

purpose of inferring the sector polarity, a synoptic presentation of
the polarity-related perturbations as observed at 1800 UT is given in
Yigure 8, We see the clear and systematic difference in the way the
zeomagnetic field is influenced during conditions of opposite sector
nolarities. For Away polarity the horizontal perturbation vectors all

‘onverge toward the magnetic pole, and vertical perturbations directed
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ANCES AT 18" UT FOUND POLAR CAP DISTURBANCES AT 8" UT FOUND
POLAR %IRESWBAWAY POLARITY, DURING IMF TOWARD POLARITY.

igure 8. Typical polar cap magnetic variations observed for the
two opposite sector polarities, Two synoptic maps are
shown with disturbance vectors corresponding to Away
polarity and to Toward polarity. An insert shows the
geographical location of the six stations used. Signed
numbers next to the station circles indicate the Z per-
turbations. The position of the geographical pole (GP)

and of the invariant magnetic pole (MP) are shown,

away from the earth (negative in the northern hemisphere) are observed

near the pole while vertical perturbations toward the earth (positive
o
in the northern hemisphere) are seen below about 80 invariant latitude.

Yor Toward polarity the direction of all perturbations is reversed;

17




horizontal perturbation vectors diverge from the magnetic pole, and ver-

tical perturbations directed toward the earth occur near the pole,

The magnetic effects are what might be produced by a circulating

1onospher1c current flow1ng eastward around the northern magnetic pole

during Away sectors and flow1ng Westward durlng Toward sectors., The
—~— i

e ——

direction of the current around the southern magnetic pole is opposite

to that of the northern But for an observer on the ground near a magne-

e omarin A S e

t1c pole, the current direction would be clockwise for Toward polarity

and counterclockw1se for Away polarity in both hemispheres., This polar

cap current is very weak when the magnetic pole is on the nlght51de of
the earth When the earth's rotat1on brings the magnetic pole into the
days1de the current develops and intensifies, The current is most con-

S

centrated (and its magnetic effects largest) nearest the noon meridian,

Physical processes that may be responsible for the polar cap current

have been discussed by Stern (1973).

Statistics on the accuracy of the inferred data

2
In an attempt to evaluate the accuracy of the inferred polarity,

the Z-data from Thule was reexamined by the author, The polarity was

inferred for each day of the entire interval 1957-1974 completely with-

out any reference to earlier determinations, The reexamination was done

in the course of a few weeks and the data was not treated chronologically,

A year was selected at random and the polarities were determined for

that year; then another year was selected at random, etc,. It is be-

lieved -~ and there is no reason to suspect the contrary - that this re-

inferred sector polarity list has a constant calibration throughout the

entire interval, By comparing the re-inferred polarities with space-

craft data we shall determine the overall accuracy of the inferred po-

larity, and in addition investigate how the accuracy varies with the

level of geomagnetic activity, with season, and generally with time.

It will be particularly important to establish that there is no long-

term trend in the accuracy.
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As a measure of the accuracy of inferred polarity as an indicator
of the actual measured polarity we define the success rate S (over some
intervals of time) as follows., First, we consider only days where a de-
finite polarity has been both inferred and measured. That is, all days
with mixed polarity or with no data have been excluded from the analysis,
Then let A be the number of days where the inferred polarity and the
measured polarity agree, and let D be the number of days where the po-

larities disagree. The success rate is then defined by
S = A/(A+D) (2)

A separate success rate may be calculated for each polarity. In defining
S, one could have included days with mixed polarity and counted half of
them as agreements and half as disagreements., Due to the one-day time
resolution of the index, mixed polarity often occurs because a sector
boundary passage occurs near the middle of a UT-day, and is thus often
artificially introduced in the index. If mixed polarity were taken in-
to account as described above, the success rate would depend on the num-
ber of sector boundaries and would not reflect the intrinsic accuracy
of the inferred polarity. We realize that a way of incorporating the
mixed polarity may lead to success rates that more realistically meas-
ure the usefulness of the inferred data. In any case these (and sev-
eral other possible) various different ways of calculating the success

rate give results differing only by a few percent,

The comparison between inferred and directly measured polarities
is carried out for all Bartels 27-day rotations for which we have some
spacecraft data, On some days within these rotations no spacecraft
measurements are available, We therefore have four classes of days:
(1) with away polarity, (2) with toward polarity, (3) with mixed polarity,
and (4) with no spacecraft data, For each of these four classes we now
obtain the number of A, B, and C-type inferences as well as the average

values of the Ap-index (Rosteker, 1972) for each type. The result is

shown in Table 1, The overall success rate is 85.8%. It is interesting
to note that Away-days have a better chance of being inferred correctly

while on the other hand Type C inferences are more accurate than Type A.
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Away Mixed Toward No Data || Total S-rate
1195 130 251 77 1653
Type A 82.6
11,2 14,9 10.4 13.8 11.5
147 72 194 25 438 !
Type B !
14.8 13.4 12.3 16.0 13.5 |
160 73 1284 89 1606 ;
Type C 88.9 |
14.3 17.1 11.9 16.0 12.6 |
1502 275 1729 191 3697
Total 85.8
11,9 15,1 11.7 15.1 12,2
Success-rate 88.2 83.4 85.8 %
Table 1

Number of days and average Ap-index for each combination of infer-
red and of observed polarity. The success rates (in percent) are cal-

culated for each polarity separately as well as for all the data.

Further examination of Table 1 reveals that Type A days on the average

have lower Ap-index than Away-days (11,5 vs 11.9) while Type C days have

a higher Ap-index than Toward-days (12,6 vs 11,7), While these small dif-
ferences may be intriguing to the specialist they seem of minor relevance
to general users of the Atlas. They must, however, be recognized and pro-
per caution should be exercized in interpreting results involving use of

the Atlas,
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Table 2 shows the variation of the overall success rate with season.
The lowest value is found in January while the highest success is ob-
tained in August., The main result is that the success rate at all times
is sufficiently high that its variation with time of year can be neg-

lected for most purposes. There may be a hint of a small increase of

Jan, Feb, Mar. Apr. May Jun, Jul, Aug., Sep. Oct, Nov, Dec,
77.6 86.2 85.6 90,7 87.2 88.6 89.4 93.3 88.4 84,3 79,5 83.3

Table 2

Seasonal variation of success rate (in percent).

when the diurnal average of the di-

the success rate near the equinoxes.
pole tilt against the solar wind direction is near 900, In this case
the azimuthal component of the average interplanetary magnetic field
makes the smallest overall angle with the geomagnetic equator. But
again, we are here considering second-order effects of little practical

importance,

It is of considerable interest to verify the constancy of the success
rate over the years in order to assess the possibility of inferring the
pelarity for the years before spacecraft measurements began, Table 3

shows yearly success rates from 1962 through 1974,

Year Number of days Success rate

1962 73 86.3 %

1963 45 235 82,2 80.0 %

1964 117 75.2

1965 295 75.9

1966 274 86.1

1967 272 82.0

1968 281 89.0

1969 307 88.3

1970 279 87.5

1971 303 85,1

1972 281 90.7

1973 268 92.9

1974 97 } 365 85.6 } 91.0
Table 3
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Apart from the low success rate in 1964-1965 there seems to be no
significant long-term variations of the success rate, It should be not-
ed that spacecraft measurements were only taken during northern winter
in 1962-1964, so that a success rate of 80 % (average of 1962-1964) is
Jjust what we would expect for these winter months (cf. Table 2). The
spacecraft data for the winter 1964-1965 were obtained from the magnetic
field experiment onboard Mariner 4 which was on its way to Mars and in
the summer of 1965 was as much as 90O in azimuth removed from the earth,.
We would therefore expect the interplanetary data when referred back to
the earth to be of lower quality as is duly reflected in an apparent
lower success rate. We conclude that all-year success rates of the
order of 85 % or higher could be expected also before the spacecraft
era, and we note that this could be achieved by using geomagnetic data
from a single station., Using more stations - such as Resolute Bay and
even better Vostok in the southern hemisphere further improves the index.
Because several stations were indeed used in inferring the polarity for
the interval 1957-1964, we conclude that the success rate during that

interval should be close to 90 9%.

To investigate if the level of geomagnetic activity affects the
success rate, we divide the days into six groups with different activity
level and compute the success rate for each group. Table 4 shows the
result and allows us to state that there is no variation of the overall
success rate with activity, but also to note that the difference in ac-
curacy discussed above between type A and type C is largest for quiet

geomagnetic conditions. 1In all cases are the success rates sufficiently

Ap-interval Average Number of days All Type A Type C
< 4.5 3.1 622 84.6 80.7 89.6
4,5 - 7.5 5.8 696 85.6 79.5 91.5
7.5 -10,5 8.9 466 87.3 83.9 90,9
10,5 -13.5 11.8 321 88,2 86,2 89.9
13.5 -19.5 16,3 375 85.6 86.9 84,5
>19.5 32.9 410 84.4 83.7 85.0
Table 4

Success rates (in percent) for days with different level of geo-
magnetic activity as measured by the planetary index Ap,
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high that no serious distortions of the inferred sector structure are

likely to result from these differences,

Because the sector structure is a large scale property of the solar
wind and because many sources of errors in the inferred polarities are
of short-term nature, it is to be expected that a slight smoothing of the
inferred data will improve the success rate, This is indeed found to be
the case, A very simple smoothing procedure that computes an n-day run-
ning mean of the inferred polarity (with Away = +1, Toward = -1, and
Mixed = 0) has been tested for various values of n, After the smoothing
the data set was again rectified in the sense that positive values were
assumed to represent Away polarity and negative values were assumed to
represent Toward polarity while zeroes were assumed to represent Mixed
polarity. Table 5 shows the success rate for different values of the

smoothing interval, It seems that a 3-day running mean provides an

Interval (days) 3 5 7 9 11 13

1
Success rate (%) 85.8 87.8 87.5 85.6 83.3 80.2 77.7

Table 5
Success rate for smoothed inferred polarity as function of the

length of the averaging interval,

optimum representation of the sector structure. It is remarkable that

the success rate drops off so slowly with increasing averaging interval,
which shows the prevalence of large-scale structures in the interplanetary
magnetic field, The increase of 2% of the success rate turns out on closer
examination to be caused by a 4% increase during northern winter while there
is no change during the summer months. This suggests that the smoothing
helps to reduce the random noise arising from trying to infer the polarity
at times when the magnitude of the geomagnetic response is at a minimum,
Finally it must be stressed that although the smoothing does seem to work,
no smoothing of any kind has been applied to the data presented in this

Atlas,
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Data Sources: References and Comments

Following the guidelines set forth in the previous sections or
applying similar procedures, compilations of estimated sector polarities
have been published by many authors, The time resolution of the com-
pilations varies; typically it is three hours for spacecraft data and
one day for lists of inferred polarity. We have chosen one day (the UT
day) as the time resolution for the Atlas in order that data from various
sources may be combined and also because of the economy of a 1l-day index
to describe the large-scale sector structure, This choice leads to
adoption of the following ''majority-rule': if more than about 2/3 of
the data-values (maybe represented as hourly averages) measured by space-
craft during the day corresponds to a definite polarity that polarity is
adopted for the day. Again some judgement must be exercised in patholog-
ical cases so the rule cannot always be strictly enforced, If data exists
for the day but no majority polarity can be assigned the polarity is des-

ignated as '"'mixed’

For each day of the entire interval 1957-74 a polarity was adopted
from each source of data, Most often there are about three sources in-
cluding the recent re-—-examination of Thule Z described in section 3, so
that a Data Compilation Sheet was designed with three entries per day
organized in three rows covering one Bartels solar rotation at a time,
Figure 9 shows a section of the Data Sheet for 1968; six rotations are
shown in a 27-day recurrence diagram, Each day is represented by a ver-
tical column of three symbols: large and small dots, a cross or a blank
space, The data source is indicated for each row on the extreme right
of the Sheet by a letter corresponding to the source as detailed below,
Occasionally the source is changed during a rotation. In this case the
dominant source is indicated and the previous (or following) rotation
will indicate the other source., Finally the serial number of the Bartels
solar rotation and its starting date are indicated. The following table

explains the data source code letters,
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1968
J26

A22

S8

Figure 9.

Day of Bartels rotation.
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Toward polarity
Mixed polarity

Away polarity
Missing data

Section of Data Compilation Sheet (see text).

Code letter

R

wn

M

\Y

P

Inferred
Inferred
Inferred
Inferred
Inferred
Observed
Inferred
Observed

Observed

Legend

using Resolute Bay 7

using Thule (Qanaq) Z

using various stations (Svalgaard,1972)
using many stations (Mansurovs, 1973)
using Alert Z

by various spacecraft

using Vostok Z

by Pioneer 10

by Mariner 10

Table 6, Data source code letters used on Data Compilation Sheets.

[SS]
[



The many geomagnetic observatories used by the author and by Man-

surov and Mansurova are listed below,

For each observatory is given its

location in geographic and in invariant magnetic coordinates as well as

an indication of which geomagnetic component

(Z=vertical, H=horizontal)

is most sensitive to the sector polarity effects,

Station

Alert

Charcot
Dumont d'Urville
Godhavn

Mirny

Mould Bay
Pionerskaya
Resolute Bay
Scott Base
Thule (Qanaq)
Thule AFB
Vostok

Geographic

l.at., Long,
82%5 297%
~69.4 139.0
-66.7 140.0
69.2 306.5
-66.6  93.0
76.2 240.6
-69.7 95.5
74.7 265.1
-77.9 166.8
77.5 290.8
76.5 291.2
—78.5 106.9

The times of maximum effect are very

Magnetic
Lat. Long.
868 123°8

-83.4 238.5
-80,6 231.,9
77.6 41.6
-76,9 122.,9
80.6 263.5
~-79.7 114.8
84,1 304.3
-80.1 325.6
86,8 36.3
86.0 33.0
-85.4 69.0

Max effect
in at

h
14 UT
06
06
15
09
20
08
18
06
16
16
09

NNNIDNDZDIDD DD NN
N

approximate and vary seasonally by

more than %3 hours for some stations (noticably Alert and Vostok).

We offer the following comments on the data sources over the years,

R: Inferred by the author from Resolute Bay Z which has a scale value

of about 4.5 nT/mm,

Up to 1958 the Z-variometer was very temperature

sensitive and changes in temperature (as shown by the T trace on the

magnetograms) sometimes produces large perturbations of Z which should

not be confused with BYM-effects.

T: Inferred by the author from Thule (Qanaq) 7 which has a scale value

of about
Bay Z).

12.5 nT/mm (i.e.

three times less sensitive than Resolute

The polarity was inferred for the entire interval 1957-1974

in the course of a few weeks (see section 3) and is believed to be of

uniform quality.

S: From Svalgaard (1972).

Inferred from various stations and components,
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M:

Godhavn H and Thule Z was used most of the time (except during 1964-
1965 where Resolute Bay Z, Alert Z and Mould Bay H and Z were used).
The dataset is quite inhomogenous: the station which was believed to
show the effect the strongest at any given time was used for that time.

A few clerical errors in the published lists have been corrected.

From Mansurov and Mansurova (1973) who used data from several observ-
atories in both hemispheres and describe their inferences as follows:
"Determination of the prevalent sector polarity from geomagnetic data
comes down to determination of the type of daily geomagnetic variation,
We used data of those stations at which the most distinct appearance
of all morphological characteristics inherent in one type of variation
or the other can be expected at a given season, The Mansurovs have
used a rather different technique than the present author. Instead of
identifying the diurnal variation on each day and then considering de-
viations from this as indicators of the polarity, they used the total
overall morphology of the daily magnetograms as basis for the inference,
It is worth noting that the two data sources M and T are completely
independent as they are derived by different observers using (very of-
ten) different stations and (always) different approach and technique.
Examination of the Data Sheets shows that the two sources agree 85 &
of the time. This is very encouraging because no spacecraft data is

available for the epoch of the M list: 1957-1961,

Inferred by the author from Alert Z which has a scale value of 6.5
nT/mm, The sector polarity effect at Alert is peculiar in the sense
that the local time variation of k (see page 9) is small, so that the
entire level of the Z-record is changed troughout the day rather than
just for a few hours near noon (e.g, Figures 2 and 3 in Langel and

Svalgaard, 1974).

Interplanetary sector polarity observed by spacecraft. The follow-
ing compilations were used: Wilcox and Colburn (1972) for the interval
1962-1969, Fairfield and Ness (1974) for the interval 1970-1972, and
Hedgecock (1975) for the interval 1969-1974, Additional data from
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spacecraft not utilized by the above workers have been obtained from
the National Space Science Data Center and used to fill in gaps in the
compiled data and to check the accuracy of the compilations., A few
errors have been found and corrected (most of them in 1965). A most

valuable source of interplanetary magnetic field data is a recent Data

Book by King (1975),

Inferred from Vostok Z by Mansurov and the author. A combined index
is shown where most weight has (arbitrarily) been given to the author's
own inference, Mansurov's values are given in Solar Geophysical Data

(Prompt Reports), NOAA, Asheville,

Observed by Pioneer 10 (enroute to Jupiter) while it was still near

the earth. The data has been discussed by Rosenberg (1975).

Observed by Mariner 10 enroute to Mercury and corrected for radial
distance and azimuth difference in order to reduce the data to near-

earth conditions, (Behannon et al., 1974).

Data Compilation Sheets for each of the years 1957 through 1974 are pre-

sented on the following pages,
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Data Compilation Sheets
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Adopted sector structure

Using the data compilation sheets a polarity is adopted for each day,
If all sources agree there is no problem in adopting the polarity. In
all other cases, the adopted polarity reflects the influence of the fol-
lowing factors:

(1) Available interplanetary data,

(2) Majority agreement among data sources,

(3) Stability and recurrence tendency of the sector structure,

{4) The sector structure is a large-scale phenomenon with only a

few sector boundaries per rotation.

Xo single factor was allowed to dominate, As far as possible they were
all applied with the goal of obtaining a sensibly weighted estimate of the
sector polarity, Occasionally, mixed polarity was adopted. Realizing that
personal judgement has entered into the polarity determination for gil

data sources, it was felt resaonable to retain that element of judgement

in the final adopted values,

The adopted sector polarity is displayed in the following Bartels
rotation diagrams, Each day is represented by a rectangle with the po-

larity indicated as follows

l Toward polarity (negative)
[m Mixed polarity
[} Away polarity (positive)

The rotation number and the starting date are given to the left of each

row of 27 days; the year is indicated to the right.

In addition to the Bartels rotation diagrams, Table 7 gives the a-
dopted polarity for each day arranged by month of year., The data has

been grouped in groups of 5 days for easier reference, The coding is

C Toward polarity
B Mixed polarity
A Away polarity.
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1957.0

1960, 0

1963.0-

1966, 0

1969, 04

1972, 0+

1975.0

Figure 10, The adopted sector structure 1957-1974. Toward (and

d

Mixed) polarity is shown in black, The format is a Bartels
rotation diagram repeated nine times and extending from 1957

{(top} through 1974 (bottom)., Structures that are recurrent

.

with a 27-day period can be seen as vertical features, e.g.

e

R

uring 1963-1965 and 1970~1972, At other times, e,g. 1958-
1962, 1967-1969 and 1973, the features are slanting downward

to the right indicating a recurrence period near 28% days.
¥Yor a discussion of these and other properties of the solar
sector structure on time scales of sunspot cycles or longer,

see Svalgaard and Wilcox (1973},
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Table 7.

1357

1 ACCCC CROCC COCHRA FAARARC

2 CCoCoo oo CORAARR RO

3 ACCCC CRCOCD AAFAR FARCCC

4 COCCD COCURA ARDCHD CORCC FACED
5 CCoCT ARRCC RCOCD CRCOCE DCCRC
= RACED MCRCD ARCCD ODrEM CORCE
v CCBCD BOHBEAR COAME RAABCD ARAAA
= ACCCE CCARR RCCCC CORRA RIDDCD
9 ROCCC CEERD CERACH HARCOD BCEAE
16 COCCO CCCORMA RRARE COooo oo
11 e

b
¥y
in
Sl

i

1 TR

z FIFEFI

z CRACE N B OBECHFR

4 CERCA CECCA FRRARRAC CCOCDE

5 CCCCC CAHRABAR HACOD Cooor

£ CHAAFA FEEACD COoos oooor

7 AAARARA ACCARD CHRAFAA D00 TECDD BOCAR

= REARA CCACH ACCCD ABCCC TIOEAFA FAFRFEARA

9 AAREAA ' COFIFE HEFRAR
1a ECARALC FIFRFICD FIFIRFE
i1 [ HCFFF FFIFFD
1z COCoo COCos BROCT CRACER FARAAR CABCE
1359

1 ERAAC CCCCC COCER COREAF FAFAFAR CBREFC

= RCCCC FIHEAH FAARAE AAAAAR CCE

3 CcoCoo FRFAFEF FARAR FAAFC Cooo

4 CCCHA EFAAAR HAFAEA AAACS TOCOA

= HAFRAE AARAAA BEECC CEOCE CDCCE

£ CCCHRA FRERA AACCD COORD CERECE

v CCCAA AHEAFRA RAREBEC

= AARAA FARAARA CCCCL :

=) AAAER ACHCD COoo Cooon COAFE AFARF

143 ARCAA AFARAR BCOOC CCCCE CERRAA ARERE
11 AAEEBE AAACC COCCOD ARAAA ARCER ACARE

12 ARERE COCCC COCAA FARARA BACCA CEDHA
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ARCCC CCCCC CORAA ABBEC BECCH ARFCC
BECCCC CRACH ACAAR COABA ARAAR ARCE

CCC ARFAA FARAREBD ARRAR ARAARA ACCEC

AAREAA AACER ACAAR ARAAA CCECC CCEBAE

FRAAR FAAAHEA HEAFD 00 s FIENCFIF

'''' BoBCD COOD I
LHF ECCEFR

EHAA ARAAAR ACECC

COCEE

RECCE FARACE EBERAA
RAEFFA FARERE AEFRFFA

CEARA AAFAFAE
ACCCT =T
CHAAA CERACC
ARAFAF CCRFHA
ARARA AREBAA AREBER CROCC CRHAADC
AAAAR AAAFAAR RCCCC COBAA ABRAC CAHERA
AAAARAR AARACC CECHA ARAAA CCCAE ARERA
COCED ACERA AARRAR RACCOC COCHA BRICCH

ARACEAR RACAEBE CEEEC CECAA REFRAR AFRAA

COCCC CORCC CHHHH HEHEEE FHEFFRF FCCL

ARAAA FEBARC CCBCC CARCH AAAAA BRAAA
AARARC CCEEE AACCC CARAAR ARACE CEA
CCCEC CRARC COCHA ABAAR ARARCC
AAAAA COCBC BEAFA RAAAA EBRRARA
CCCEBC COAMAA BAAAA ARFEAH AFRAFFA
BCCEC
ECCHA
RAEBARA
AAAER
AAAAA

REECD CCCBC CHFAAA BEEERA
_____ : AECCE EAFAFAF BAAAA
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ROCCT
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RECCC
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ARCCC
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ACCCC
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ARAAA ARCCC
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AREBECC CCOCE CBCRC O 0
COooC COCCC BEBECCC CRACFAR

HEFFF

RCCCC
AERCLT
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BRCCD
B

CCCHA
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AARARA ARARS RCCCC CAHAAC COooC CORFA A
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AHARL L ECEFRFA H
CoCoo FIFIFIFIA
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COCCo CCCCOUC Cocococ HARER
CRECC CCCCE

CRAAR ARBCC CCOCDC ARCAR BRACCE CCAAFA

AAACT CCCOR FRCER
ARECC CEACC BREAAA

CRAAM FACCCC COOCC
RAACC CORAA FRAAR

CCOCD COCEE REFAFA
CECCC CAAAAR BCCEE

RECCC CECCC CORAR AARAA ACCCO COCBC

CCHER
CCEBD

alalsinlyl
FAFEF
EFFEE
CLEAA

RARACE

RECCC
ECCCH

AAAAC COCCC CCEAR ABERAC CCEBAA BAAAFA

RAACC COOCC ACCERA ACCAR ARAEBA ACCCC

CECHA
RAAAC BOAAA AABCC COOC0 COCoD COCCHA
AAARA AAARCC BOOCC Coool COARCH FARFA

FIRCCC BOCCC

64



Sector boundary list

For a field reversal to be classified as a sector boundary we shall
generally require that the polarity be the same for at least four days
before the reversal and that it remains reversed for at least four days

following the reversal, We thereby distinguish between the large-scale

sector structure and finer scale filaments and reversals., Most of the

large-scale features are recurrent, while most of the small-scale fea-

tures are not. Occasionally a four day wide sector may recur as a sec-

tor only three days wide and then later again become four or more days
wide., In such cases the four day criterion described above is relaxed

in order not to miss what obviously is a bona fide sector boundary rather
than just a transient reversal. A list of such well-defined sector bound-
ary passings can now be prepared from the Bartels rotation plots of the
adopted sector polarities, 1In the list given as Table 8, the time of day

h
of the boundary passing is always given as nominally O UT because of the

one~day time resolution of the polarity list. It is then understood that
—— e,

the most probable time of the boundary passage is within *12 hours of

o—

the UT time given. The list includes an indication of the polarity

1 AR

change across the boundary, (+,-) or (-,+) where "+" is Away and =" is

Toward polarity. Finally the Bartels rotation number and the day within
that rotation of the first day of the new sector are given,

We will emphasize that Table 8 gives an almost complete account of
sector boundaries passing by the earth. A total of 545 boundaries are
listed during the interval 1957-1974 covering 245 rotations; this cor-

et

responds to an average number of boundaries per rotation of 2.2, The

number of sector boundaries per month seems to have a semi-annual varia-

tion as was first pointed out by Sawyer (1974). The following table

gives the number of boundaries per month (normalized to 30 days length)

as deduced from Table 8,

Jan., Feb, Mar, Apr. May Jun, Jul, Aug., Sep. Oct., Nov. Dec.
iz 43 38 45 gl ﬂﬁ 47 44 43 44 40 48

The maximum number of boundaries occurs near the solar equatorial plane.

oy}
&7}
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Abstract

This report is an extension of "An Atlas of Interplanetary
Sector Structure 1957-1974" to include earlier years back to 1947
and also the years 1932-1933 and 1975,



Interplanetary Sector Structure 1947-1975

by

Leif Svalgaard
Institute for Plasma Research
Stanford University
Stanford, California 94305

The present report is an extension of "An Atlas of Interplanetary
Sector Structure 1957-1974" (Svalgaard, 1975a). Using ground-based mag-
netograms from high-latitude stations, the polarity of the interplanetary
magnetic field has been inferred for each day in the time period 1947-1956,
During this interval stations within the polar caps were operating most
of the time making reliable determination of the sector polarity possible.
We refer to the "Atlas' for details about the determinations and about

the representation of the data.

Except for about a year (August 1952 - September 1953) at least
one central polar cap station was always available. This means that the
accuracy of the inferred polarities is high (=~85% correct) and that for
many statistical investigations the inferred polarity is an adequate sub-
stitute for in-situ spacecraft observations (Wilcox et al., 1975; Russell
et al., 1975). During the time when only the polar cap boundary station
Godhavn was operating, the sector structure was simple and stable. We
therefore believe that also during that interval the inferred polarity is

of sufficiently high accuracy.

The data sources are shown on the data complilation sheets by code
letters as detailed in the "Atlas". A few additional data sources are

given below,

G: Inferred by the author from Godhavn H which has a scale
value of 9.5 nT/mm, The inference has been carried out

recently with no reference to earlier inferences.



Inferred by the author from Dumont D'Urville X. These

inferences agree with the simultaneous Godhavn inferences

75% of the time. If the probability that Godhavn and Dumont
D'Urville both agree is called q and if p denotes the probability
that Godhavn (or Dumont D'Urville) agrees with the interplanetary
sector polarity, then we have q = 1 - 2p(l-p). This gives

p = 0.8 for q = 0.75 attesting to the high accuracy of the

Godhavn and Dumont D'Urville inferences.

Objective determination of the polarity using Godhavn H.

The method is described in Svalgaard (1975b).

Yet another subjective inference by the author using Godhavn H

and published by Antonucci (1974).

Sources J and N were only available for periods of a year each and

were included in the complilation to show how stable the inferences are

when repeated,

We present in this report the following tables and data compilations:

Daily classification of sector polarity 1947-1975.

Sector boundary list 1947-1975,

Bartels rotation plots of adopted sector structure 1947-1975.
Data compilation sheets 1932-1933, 1947-1974.
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On the Use of Godhavn H Component as an Indicator of the
Interplanetary Sector Polarity

LEIF SVALGAARD
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94305

An objective method of inferring the polarity of the interplanetary magnetic field using the H
component at Godhavn is presented. The objectively inferred polarities are compared with a subjective in-
dex inferred earlier (Svalgaard, 1972b). It is concluded that no significant difference exists between the two
methods. The inferred polarities derived from Godhavn H are biased by the S,7 signature in the sense that
during summer, prolonged intervals of geomagnetic calm will result in inferred away polarity regardless of
the actual sector pelarity. Thic bias does not significantly alter the large-scale structure of the inferred sec-

tor structure.

Fougere and Russell [1974] suggest that evaluation of the ac-
curacy of the inferred interplanetary sector polarity
[Svalgaard, 1972a} is difficult due to the subjective nature of
the inferred index and also due to the apparent lack of a
detailed recipe on how to infer the sector polarity from polar
cap magnetograms. It is the purpose of this note to provide
such a recipe and also to show that the quality of the published
list of inferred polarities going back to 1926 [Svalgaard, 1972b]
is not seriously affected by the fact that for most years before
1964 only one station (Godhavn, 77.5° invariant latitude) was
used in deriving the list.

The above statements should be qualified by noting that the
recipe which will be preseinted is certainly not the perfect
recipe, but it has the virtue of belonging to a class of recipes
which are very simple yet still useful. Furthermore, the extent
to which the inferred index (the so-called A/C index) is useful
depends somewhat on the purpose of the analysis. Just as the
Kp index does not give meaningful results when used for deriv-
ing the diurnal variation of geomagnetic activity, there may
well be (and apparently are [Fougere, 1974]) limitations in-
herent in the present A/C index, which may preclude its ap-
plication to certain problems without affecting its usefulness in
other areas.

In the original A/C classification a day was classified as type
C (associated with toward sector polarity) if the Z
magnetograms from near-polar stations showed a broad
positive perturbation around local noon; a negative perturba-
tion would classify the day as a type A day (associated with
away polarity). It was found that the amplitude of these per-
turbations of the vertical Z component decreased with increas-
ing distance from the invariant poles. Instead, perturbations
are found in the horizontal H component. The sense of the H
perturbations is opposite to the sense of the near-pole Z pertur-
bations. Figure | shows the average diurnal variation of the H
component at Godhavn for 1950. The curves labeled A and C
are the average variations during days classified by Svalgaard
[1972b] as being of type A and of type C, respectively. The all-
day average variation is also shown in the figure. A 6-hour in-
terval around 1800 UT is delineated by the two dashed lines.
In this interval the largest differences between the A- and the
C-type variation occurs.

If « Godhavn H magnetogram for a given day shows a defi-
nite tocal maximum within the interval 1500-2100 UT, the day
is classified as type A, while a defimite local minimum or

Copyright & 1975 by the American Geophysical Union.

depression will classify the day as type C. This recipe leaves
room for a type B, when the variation is irregular during the
interval of interest. It turns out that type B occurs rarely
enough (~10% of the time) to make the A/C type classifica-
tion meaningful. Originally, a choice was made such that
every day was classified only in terms of A or C.

The local maxima and minima (or enhancements and
depressions) used to determine the type of the daily variation
appear to be superposed on the normal diurnal variation,
which is roughly sinusoidal. The amplitude of this background
curve varies greatly with season and with disturbance level. To
a certain degree the quality of the A/C index is then dependent
upon how well the background can be discerned and removed.
This in turn demands some familiarity with the Godhavn
magnetograms. The situation is analogous to the problem of
determining Bartels” K index. This index is basically a subjec-
tive index, because its determination requires recognition and
subsequent removal of the normal undisturbed diurnal Sg
variation, which itself varies from day to day or even may
change character during the day. In the case of an isolated K
disturbance the background reference level can normally be in-
terpolated on the magnetogram by using the quieter intervals
before and after the disturbance. Similar considerations apply
for the determination of the A/C index, and, as is true for the
K index, the difficulty in removing the background becomes
most important when small disturbances are scaled.

A simple approach to the problem of removing the
background level is as follows: In Figure 2, data for May 1968
are piotted such that during the interval 1500-2100 UT the ac-
tual variation of the horizontal component at Godhavn is
shown for each day, while for all other times only the monthly
mean value of H is shown. The figure is then composed of a
straight line interrupted each day by the (very time compressed)
actual H trace. If H has a local enhancement within the in-
terval of interest (1500-2100 UT), a positive spike will result
for that day on Figure 2, while a depression will show as a
negative spike. Figure 2 displays just a series of such spikes.
The sector polarity as measured by spacecraft [Wilcox and
Colburn, 1970] is indicated for each day on Figure 2 with a plus
sign (away) or a minus sign (toward), placed near the spike for
that day. Generally, we see the familiar pattern, that a positive
spike is associated with away polarity and a negative spike
with toward polarity. In a few cases a mixed signature is seen,
but the data in Figure 2 as well as similar plots for other
months of 1968 are in good accordance with the result of Friis-
Christensen et al. [1971], that the A/C signature may be used
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24 UT

GODHAVN H 1950

Fig. 1. Diurnal variation of the horizontal component at Godhavn
during 1950. The curves labeled A and C are the average variations on
days classified as being of type A and of type C, respectively. In the in-
terval, shown by the dashed lines, the largest difference between the
two types occurs.

to infer the secoind polarity with an accuracy exceeding 85%.
Part of the remaining uncertainty is related to the observation
[Friis-Christensen et al., 1972] that the sign of the azimuthal
component of the interplanetary magnetic field rather than its
polarity seems to determine the sign of the A/C perturbation.

The apparent success of the very simple procedure used in
preparing Figure 2 in producing features (spikes) which cor-
relate well with the interplanetary sector polarities as
measured by spacecraft suggests the following formal recipe
for assigning a character (A, B, or C) to a UT day characteriz-
ing the inferred IMF polarity.

1. Use the horizontal H component at Godhavn.

For each day within a given month, subtract the
monthly mean value of H from the hourly means of H.

3. Set the reduced values of H equal to zero for all hours
outside the interval 1500-2200 UT, thus yimulating the base
line on Figure 2.

4. Determine the maximum value H4 and the minimum
value HC for each day. Due to the previous step we will
generally have H4 > 0 and HC < 0.

5. WHA > —HC/2, then classify the day as type A, and if
HC < —HA/2, then classify the day as type C; otherwise clas-
sify the day as type B.

By using this recipe the A/C index has been redetermined
for an interval in 1968 and compared with spacecraft measure-
ments of the interplanetary magnetic field polarity. The result
is shown in Figure 3. Even with this very crude recipe, which

MAY 1968, GODHAVN H 15-21" Ut

J
+ IMF AWAY
— IMF TOWARD
Fig. 2. Data for May 1968 plotted such that during the interval

1500-2100 UT the actual variation of the horizontal component at
Godhavn is shown for each day, while for all other times the monthly
mean value is shown as straight line segments (see text).
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certainly is inferior to the visual judgement of the experienced
observer, we obtain almost 80% agreement between the A/C
index and the sector polarity. The larger-scale features of the
sector structure are well defined by the A/C index, and this
seems 10 be the case independent of season. The point we are
trying to make is that as long as we concentrate on the interval
of the day where the A/C effects are largest, we obtain very
reasonable agreement between the A/C index and the sector
polarity, even if the classification procedure is as rough as the
one discussed above.

We shall not at this point discuss how much better one could
do by using other stations at even higher latitudes, such as
Thule or Resolute Bay, or by using more elaborate (and pos-
sibly more subjective or shrewd) techniques for removing the
background level. Instead, we will note that if only the
Godhavn station and the simple recipe described above are
used, it seems possible to determine the large-scale features of
the sector structure exhibited by the interplanetary magnetic
field.

Figure 4 shows Godhavn H plotted in the same format as
used in Figure 2 but for April 1950, when no spacecraft
measurements of the interplanetary medium were available.
Unless we assume that the response of the magnetosphere to
the interpianetary magnetic field has changed between 1968
and 1950, we may again associate positive spikes with away
polarity and negative spikes with toward polarity. Also shown
in Figure 4 are the original visual estimates of the A/C index
by Svalgaard [1972b]. Generally, we find that inferred away
polarity is dominant on type A days, while inferred toward
polarity is predominant on type C days, as was originally sug-
gested by Svalgaard [1968]. This correspondence is further
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BASED ON GODHAVN H, 1968

& TYPE C, TOWARD POLARITY
x MIXED
* TYPE A, AWAY POLARITY

UPPER ROW: SPACECRAFT MEASUREMENTS
LOWER ROW: REDE TERMINED iNFERRED
POLARITIES
Fig. 2. Comparison between the polarity of the interplanetary

magnetic field (toward the sun or away from the sun) as measured by
spacecraft [Wilcox and Colburn, 1970] and the polarity inferred by us-
ing the recipe described in the text. The data are displayed in 27-day
Bartels” rotations, with the date of the starting day of each rotation
shown at the left.
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APRIL 1950, GODHAVN H 15-21" uT

cceecece AA

Acccccce

A INFERRED IMF AWAY
C INFERRED IMF TOWARD

Fig. 4. Data for April 1950 plotted in the same format as used in

Figure 2.

evidenced by Figure 5, where the original visual estimates are
compared with the inferred polarities determined by using the
algorithm given above for each day of 1950. In all the cases we
have examined here, the agreement between the various es-
timates and determinations is of the order of 80% or better.

After it has been established that the A/C index is well cor-
related with the polarity of the interplanetary magnetic field
most of the time, the few cases with obvious disagreements
command particular attention. If the disagreements depend
systematically on other properties of the disturbance pattern,
which is a very reasonable assumption, it may have a strong in-
fluence on some of the statistical properties of the A/C index.
Let us assume that the five international quiet days in a month
(for some reason) are always classified as being of type A,
while the five disturbed days are always classified as being of
type C. The remaining twenty days are classified correctly. If
geomagnetic activity were independent of the sector polarity,
2%, international quiet days and 22 international disturbed
days would be classified wrongly, meaning that out of the 30-
day month, 25 days were classified correctly, corresponding to
83% agreement. We now assume that the quiet days have a C,
character figure of 0, that the disturbed days have a C,
character figure of 2, and that the remaining days are
moderately active with a C; character figure of 1. The average
C, figure for type A days then becomes (10 * 1 + 5% 0)/15 =
0.67, while the average C, figure for type C days becomes (10%*
1 + 5% 2)/15 = 1.33, or twice as high.

This idealized example shows that the A/C index can well
have a high information content (83% agreement) yet can be
systematically contaminated such that C days appear much
more active than A days. How serious this particular
systematic error will be depends of course on what research
problem the A/C index is applied to. One such application was
the confirmation by Wilcox and Scherrer [1972] of a finding by
Rosenberg and Coleman [1969] that the polarity of the in-
terplanetary magnetic field measured out of the solar equator-
ial plane should be biased by the polarity of the magnetic
pole of the sun, which is on the same side of the equator
as the interplanetary probe.

When the interplanetary sector structure was first dis-
covered [Wilcox and Ness, 1965] during the descending phase
of sunspot cycle 19, there were four stable sectors. Analyses of
the inferred field using the A/C index [Svalgaard, 1973] show
that this four-sector pattern is a persistent feature of at least
the last five sunspot cycles. The main conclusion from the
analysis of the A/C index was that the solar sector structure
evolves through rather similar patterns in each sunspot cycle.
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During most of the cycle a four-sector structure with synodic
recurrence period near 27 days is apparent. Near sunspot max-
imum there emerges a superposed structure having polarity
into the sun with a width of about 100° in longitude and a syn-
odic recurrence period between 28 and 29 days. This "28'2-day
feature’ coexists with the basic underlying four sectors for ex-
tended periods of time. At these times it may be difficult to dis-
cern the four-sector structure clearly, but when the 28'2-day
structure disappears or weakens some time after sunspot max-
imum, the four-sector structure becomes very prominent as the
cycle progresses toward sunspot minimum. This evolutionary
scheme has been observed directly by spacecraft during the
present cycle, and the A/C index seems to indicate that the
sunspot cycle variation of the sector structure is rather similar
also in the previous four cycles.

It would seem that the A/C index, even in its present form,
can be used to study the large-scale evolution of the sector
structure through the sunspot cycle. For other kinds of study,
such as the study of the average disturbance level for the two
polarities separately, it seems equally certain that a revised
A/C index will be needed. A dilemma arises between conflict-
ing views on how this index should be constructed. Should it
be a homogeneous index derived from the Godhavn station
only but covering the full interval from 1926 to the present? Or
should it be the ‘best possible’ index in the sense that whenever
additional stations are available, they should be utilized to im-
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BASED ON GODHAVN H, 1950

® TYPE C, INFERRED TOWARD POLARITY
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UPPER ROW: ORIGINAL VISUAL ESTIMATES
LOWER ROW: REDETERMINED POLARITIES
Fig. 5. Comparison between the polarity of the interplanetary

magnetic field inferred by using the method described in the text and
as originally classified by Svalgaard [1972b].
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prove the index? A case can be made for both points of view.
The list published by Svalgaard [1972b] is not a homogeneous
list because additional data from other polar cap stations
{mostly Thule) were used when available (mostly after 1963).

By using published yearbooks from the Godhavn
Geophysical Observatory and the recipe given above a
homogeneous A/C index could be produced. Analysis of
statistical properties of this index may show various
differences between polarities, seasons, and sunspot cycles. It
would not be possible to establish which of these differences
were due to artifacts in the index or due to real physical
changes. A more constructive approach would be to intensify
the study of polar cap geomagnetic variations, because it
seems to this author that a purely mechanical recipe based on a
few initial observations is not the proper solution to the very
important problem of inferring the interplanetary magnetic
field.

As Rostoker [1974] points out, the study of polar cap distur-
bances is still on unsure ground, and large arrays of obser-
vatories need to be set up to allow researchers to separate out
the magnetic effects of many contributing current systems. The
observed magnetic perturbation pattern in the polar cap may
stem from (1) the distant effect of the auroral electrojets, (2)
the high-latitude Sg¢ current flow, (3) cross-polar cap
ionosphere currents associated with magnetospheric convec-
tion, (4) the effects of distant field-aligned currents penetrating
the auroral oval, and (5) the special vortexlike currents as-
sociated with variations in the azimuthal component of the
interplanetary magnetic field. Varying degrees of activity
produce dramatically different mixtures of all these effects, and
much work remains to be done before these possible contribu-
tions can be separated out. A mechanical procedure which is
not based on physical understanding can only provide a crude
first approximation to the physical reality under study. But
even an approximation can be very useful if it is applied within
its limitations.

Returning to the discussion of interplanetary signatures in
the geomagnetic field, we shall study the reason why some
quiet days appear to show the A signature at Godhavn ir-
respective of the actual sign of the azimuthal component of the
interplanetary field. Figure 6 shows the typical variation of
Thule Z and-Godhavn H for a few days around the sector
boundary passing on July 25, 1968. These days are moderately
to weakly disturbed. At Godhavn we note the normal night
maximum, indicated by T on the figure, and the morning mini-
mum, indicated by S. These features occur regularly every day
independent of sector polarity. Both features invariably appear
enhanced during magnetically active intervals. In addition, we
note the characteristic signatures associated with the interplane-
tary field. A noon and afternoon positive perturbation, indicated
by A, is correlated with eastward-pointing interplanelafy
magnetic field, and the negative perturbation, indicated by C,
is associated with a westward interplanetary field. The Thule
records also show dramatic change of the diurnal variation as
the sector boundary passes. We emphasize that the typical
signatures are reversed at the two stations, maximum at one
corresponds to minimum at the other and vice versa.

However, this is not always the case. During intervals of
prolonged geomagnetic calm, Thule Z still shows the correct
signature corresponding to the interplanetary field, while
Godhavn A develops a peculiar perturbation resembling very
much the A signature. This happens even if the interplanctary
magnetic field is westward, which should produce a C
signature. Figure 7 shows a good example of this
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Fig. 6. Typical changes of the characteristics of the magnetic
variations at Thuie and at Godhavn as response to the passage of an
interplanetary magnetic sector boundary on July 25, 1968. The upper
panel shows the 3-hour planetary acuvits index ap. The next panel
gives the azimuthal component of the interplanetary tield in solar
magnetospheric  coordinates. The lower two panels display Z
magnetograms from Thule and H magnetograms from Godhavn. The
variations related to the sector polanty are shared.

phenomenon. During four consecutive days the interplanetary
magnetic field is steady westward. and geomagnetic activity is
very low. Thule Z shows a clear C signature on each day. All
of what is left of a C signature in Godhavn H is a minor
depression around 2100 UT. Otherwise a positive perturba-
tion, denoted by a P on the records, in the afternoon is promi-
nent in the diurnal variation. Without knowledge of the Thule
magnetograms these four days would be classified as being of
type A because the P perturbation has a strong resemblance to
the A signature. In fact, Figure 3 shows that these four days
actually are classified as type A.

What we are seeing here are examples of the S, variation,
which may be observed on quiet days in the polar regions [e.g.,
Kawasaki and Akasofu, 1973]. Figure 8 shows the average S,°
variation at Godhavn, and it is now clear that many quiet days
may have been classified as type A due to the similarity of the
A signature to the S,” variation. With increasing activity the P
maximum in Figure 8 decreases. and the S minimum gets
deeper, which may cause the day to be classified as a type C
day. The S,” variation thus introduces a bias in the A/C clas-
sification (when based on Godhavn H) in the sense that quiet
days have a greater possibility of being classified as type A,
while disturbed days have a greater possibility of being clas-
sified as tvpe C. This systematic bias is expected to be most
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Fig. 7. Same format as used in Figure 6 but showing an atypical

response at Godhavn as discussed in the text.

effective if the interplanetary signature is weak, i.e., if the in-
terplanetary magnetic field strength is small. Furthermore, the
bias reflects the changing size of the polar cap. On an inter-
nationally quiet day the polar cap is small, and Godhavn is
heavily influenced by the S, currents flowing near the day side
polar cap boundary. With increasing activity the polar cap ex-
pands, and Godhavn becomes a true polar cap station situated
well within the polar cap boundary, and the influence of the
S,P currents is weaker. Since the size of the polar cap is deter-
mined by the north-south component of the interplanetary
magnetic field {Akasofu et al., 1973], it seems reasonable to fit
the observed values of H to an expression of the form

H = H, +aBY + b BZ H
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Fig. 8. Diurnal variation of the horizontal H component at Godhavn

on internationally quiet days during 1965-1969.
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where BY and BZ are the east-west and the north-south com-
ponents of the interplanetary magnetic field and H, is a slowly
varying background field. It is well known that H, has a yearly
variation of the order of 30 v. It is not known why. Further-

GODHAVN H, JUNE 1968
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Fig. 10. Comparison between the observed values of H at

Godhavn and the values computed from H = H, + a-BY + b.BZ for
four hourly intervals as indicated on the left side of each curve. The
figure shows the values for each day during June 1968 for which inter-
planetary data were available.



2722

more, H, has a roughly sinusoidal daily variation of the order
of 80 v. The coefficients a and b change during the day as
shown in Figure 9 and also change with the seasons, being
larger during summer. The values plotted are averages of the
12 monthly values obtained by fitting (1) separately for each
month of 1968. Figure 10 gives some indication of the kind of
fit which may be obtained by using the very simple expression
(1). In computing the least squares fits, hourly averages were
used. Since on time scales of an hour or more BY is generally
greater than BZ and since a > b, we see that the effects of BY
are generally greater than those of BZ during the day hours,
whereas the opposite is true during the night hours, where a
approaches zero. Roughly speaking then we might say that
normally BY-related variations dominate during the day,
while BZ-related variations dominate during the night. The
same conclusion was also reached by Kawasaki et al. [1973].

Then, to the extent that fluctuations of BZ average out over
a time scale of a few hours, Godhavn H is a fair indicator of
the east-west component of the interplanetary magnetic field.
Only when BZ has a constant sign for extended time intervals
do its influences dominate over the influence of BY, and
systematic errors are introduced into an index of sector
polarity based exclusively on Godhavn H. These systematic er-
rors will be of great importance in a study of the average dis-
turbance properties of the two different polarities but wil] be of
minor or no importance in a study of the long-term evolution
of the interpianetary sector structure.
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