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Abstract
" The interplanetary magnetic field is only slightly perturbed

by the nresence of the moon in the sclar wind flow, A statistical
study of the umbral increases anc¢ penumbral decreases and increases
has béen conducted with variation of the solar wind plasma B value,
the distance from the moon and the selenographic longitude of the limb
regions of the lunar surface in the solar wind flow. All lunar

wake anomalies show a strong positive correlation with the plasma

B value while only penumbral incre:.. . show a marked variation with
distance from the moon. There is no unique correlation of penumbral
anomaly occurrence with selenographic lonéitude of the exposed lunar

limb in the solar wind flow.
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.ntroduction

The interaction of the solar wind with the moon is quite weak,

due to the lacsk of a lunar magnetic field and atmosphere and the

resulting absorption of solar plasma .flux by. the lutar surface.

" The plasma void traveling aftward of the solar wind flow perturbs

the interplanetary magnetic field, whose characteristic features consist
of an umbral increase associated with the plasma void and penumbral
decreases on either side.(Colturn et al., 1967, Lyon et al., 1967,

ﬁess et al. 1957). In uzddition, a penumbral ‘increase of the magnetic
field is sometimes observed (Ness et al., 1968). High

frequency fluctuations of the magnetic field stimuliated by the lunar

wake haYe been.observedf(Ness and Sphatten,'lg§921 Ogilvie und Ness (l9§9)
have‘al;eady-reported éﬂ the ﬁogitive correlation of the magnitude of |

the umbral increase and penumbral decreases with the plasma B value
from correlated measurements on Explorers 34 and 35.

It is the purpose of this paper to present a statistical study of the

perturbations of the interplanetary magnetic field, observed by the
NASA-GSIC ‘magnetic- field experiment 5n Explorer 35,

associated with the lunar wake in the solar wind flow. A study of

the positional geometry of these anomalies (Whang and Ness, 1970) has
shown an elliptical cross-sectional shape of the lunar Mach cone,
defined by the position of the boundary between the penumbral increases
and decrease. This non-circular shape is expected from the anisotropic
propagation of low frequency waves in the magnetized solar plasma
(Michel, 1968). Colburn et al (1971) were unable to identify the
existehce or geometry of the lunar Mach cone from the Ames magnetometer

on Explorer 35.
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This paper discusses the variation of the fractional changes of

field magnitude,defined at:

ne

Brax/B5 - 140 - )
(1)

AB’

or . _AB

1l - Bmin/BO

with the plasma B value, tﬁe relativwe position downstream from the
lunar wake and selenographic longitude, i.e., the possible
association with lunar surface features. In the above formula Bhax
represents the maximum field magnitude measured in either an umbral or
penumbral increase while Brin measureg-the minimum field magnitude

. in .the pengmbral“deoreaség. ,?hefreferencejfield, B, used in . ,

calculating the fractional change or wake anomalies ié a ten minute
[ .. . “{'*e‘b . .

average of field magnitude obtained before entering (or¥exiting) the

.

penumb}al increase, as shown in Figure 1. The reference field By
used for the umbral increase is the mean value of the 10 minute

averages obtained from the entering and exiting values of Bo.



Principal Anomalies

Computations of the plasma B value have been cbtained by.utilizing
simultaneous measurements obtained from the MIT plasmna probe on

Explorer 35, The plasma B .value is defined as .

B = nk(Te+1y) (2)
B2/87

Simultaneous data for number density, n, ion temperature Tj and field
magnitude, B, are available from Explorer 35 but elcctron temperature
data is not. During the period from July 1967 to July 1968
the spacecraft was outside of the earth's bow shock for a total of
76,700 sets of measured number density, ion
" temperature and field magnitude. In the absence 'of &lectron”
2.témperature,this permits calculation of the corresponding plasma ion B
valug, Py

Based upon data obtained from the Vel 4B satellite, Montgomery
et al. (1968) reported that the electron temperature remains in the range
lO5 to 1.5 x 105°K despite large fluctuations of any of the other solar
-~ wind parameters., Thus we have assumed that a constant electron tempsrature
of 1.5 x 105°K existed during this time interval in order to obtain
the total plasma B value for the dgta set., Figure 2 shows histograms

| of B; and B under these assumptions. Statistically it is found that

0.h2

Median B;= 0.31  Average %&

Median B ='C,76 Average 8 = 1l.21



If a different electron temperature is assumed, median and averane

values of B for tcmperatures of lOSK and 2 x 10°°K are as follows:

T 1o5°x . median 8 0.96

0.68 average B

1 2 X 105°K medlan B

n
il

1,04 average & = 1.45 . .

These values are close to the results derived from the Explorer 3h
observations (Burlaga and 6gilvie, 1971), but they are substantielly
lower than the P values derived from simultaneous data obtained by
Vela 3 and IMP 3 (Ness et al., 1971). This occurs because the plasma
éensity derived from the Vela 3 observations is generdlly higher than
those obtained with either the MIT instrument on Explorer 35 or the
| OSFC instrument on Explorer 3h o

Hlotograma of the pr1n01pal field anomailes inside the lunéf
Mach cone are shown in Figure 3. The total number of observed penumbral
decreases (FD) used in this study is 160. The average magnitude
of the decrease defined by Equation(})is found to be 0.26. The average
magnitude of the observed umbral increase (UI) is 0.29 based upon a
total set of 68 observed penumbral increases,

‘A quanﬁitative relationship between the magnitude of the umbral
increéase and penumbral decreases and the B value in the solar wind has

been studied by Ogilvie and Ness (1969). Presented in Figure 4 is the



statisvical surmary of the variation of umbral increasze and penwiorl
decreace with 2 value., It is seexn that these results confirm the
earlier work with a positive correlation existing between the umbral

increases and the plasma f value, In this study we find that

AByp = (0.25 + 0.06) B

to be compaied with the eerlier result of Ogilvie and Ness (1969).
ABm = (0.23 + 0.09)8

We have alsn studied the relationship bétween the magnitude of the
pgpumbral decreases and the location of the Mac% cone cfossing. Let
X denote the distance between the location of the crossing and a plane
pgg;ing through‘the’cgnter of thg_@ppg_pqrma;/tq the §olgr windd~_
direction.' Using’tﬁé dunar rédi;s as'; n;rmalézing uﬁit to méasure
‘the dlstance X, Figure 5 nresents & statistical study of the variation
of'penumbral decrease for X less than or grewter than 2. The figure
shows an increase in fhe penumbral decrease from an average value 0,24
for X less than 2 to an average valﬁe of 0.28 fo£ X greater than 2,
This slight,change is no# st,tistically significant and so we conclude

that there is no clear variation of penumbral decrease magnitude

with distance.



Penunbral Increases.,

Siscoe et al., (1968) postulated that possibly a marmetic Tield
or. the lunar suwrface would be responsible for deflection of plasma Tlow
“;and the- assoc1ated incraaoe 1n the 1nterplanctary field strength ip

the penumbral reglons; Yollweg (1900, 1970) SUoLCoLed that DQ»U-Oly ‘
localized regions of high electrical conductivity existed such that the
induced magnetic field caused by the convecting magnetized solar wind
would lead to such a defliection.

In the theoretical study by Whang (1969, 1970) an al hoc
.mechanism for increasing the magnetic field was introduced at the lunar
limb which then propagated downstream immediately outside the lunar
-Mach cone, He attrlbuted the source to the sharp change in magnetic
pgrméablllty Oeuwéen tge uo'la,r Dlauma and ¢ug¢r ooay ;z 3ne';1mo“ 'f fﬁé
moon,

:We have observed that the magnitude of field perturbations fer
penumbral increaces is of the order o O0,1. For the purpose of
quantitatively &tudying the penunbral increases we will define those
perturbations greater than 0.l as large penumbral increases (LPI) and
those less than 0,1 as small penumbral increases (SPI). The occurrence frequer
ol observed large and small penumbral increases as functions of the
two parameters P and X has been studied and the results tabulated in
Table 1, Here it is seen that the ratioc of LPI to SPI is an
increasing function of the B vélue of the solar wind and is a
rapidly decreasing function of the distance X. This suggests the

following interpretations:



l. The source mechanism responsible for the field increase:s
near the lunar limb is directly related to the B value cf the
solar wind or the perturbation may grow mors rapidly depending upon 3.
2.4, ns_Qpélpcnqmbral_increases propagate dovnsiream along the'
luﬁax Macﬁ cqne, their magnitudc attenuates very rapidly.
Area attenuation alone does not appear strong enough to produce
such a fast rate of attenuation and other diusipaticn mechanisms
must take part in reducing the amplitude of the penuxtral
increases. We estimate that due to the fast rate of attenuation
the penumbral increases disappear at approxinately 5 lunar radii
~downstream from the moon,
A.spgdy,qf the peppmbral increa;es observed bysphe Amesvmagnetqmeter
‘ experiment on Explére? 35'has recently 5een pfeécéged by M&h;lov ‘t ai.
(l§71). They conclude that the sources for obsérved pemunbral increéases
arc non-uilorrly lccated on the moon's gurlace with most of then restricted
to the highland resions on the farside of the mocn., They did not consider
other parzmetlers such as plasma 5 value or spatial distance from the
moon in their studies,
If one wishes to study statistically the distribution of penumbral
increases with selenographic coordinates, then it is necessary to
consider the non-uniform immersion of the moon's surface regions which
occurs because of the earth's bow shock, magnetosheath and magnetotail,
For approximately one-third of the lunation, the moon is lccated

in a region of space in which the solar wird flow is either absent



(the geomagretic tall) or highly disturbed and modified (the manetosheath),
This corresponds to selenographic longitudes of approximately 30° to

1500 East and ualso West longitude, Thus these regions have a limb

+* probability of only one-Half occurrcnce'throdghout.an7eqtirc’lunatién;

The low inclination of the orbftal.plané'of Explorer 35, 1690 with
respect to the ecliptic and with respect to the lunar equator precludes
a uniform sampling of polar area regions in any attempt to identify
lunar surface regions which are preferenti;lly responsible for producing
the penumbral increases.

We have studied the diétribution of selenographic longitudes of
the lunar limb locations associatéd with each observed penumbral increase
.Aiq‘this‘syqu (sge Figurg 6). Our results are nqtngonsisﬁgnt,wigbxﬁhﬁ.
conclusions repoftea by MihaloQ‘et él.’in ihat there does not appear
'ﬁo be any restricted iéngitude regions in which the occurrence
frequeﬁcy of penumbral increases appears to be higher than other regions.
We find no clearly defined localization of sources in the selenographic
longitude although there is a surzestion that LPI's are obgserved more
often for limb regions 60-180° East.

We have considered further the possibility that finite Larmor
radius effects might be responsible'for the penumbral increases. We
have‘studied this problem statistically by utilizing the ion temperatufe
data.but do not find any clear indication that the occurreince of penumbral

increases is to be associated with & varying proton Larmor radius.



one ' the major problems faced in the interpretation of these
penumbral increase phenomena is that the total sample size available
is <mall (100) and when attempting to study the variability with
' multiplc paramctere thc sample .,Lzeu decrcane rapidly. At the
prc,cnt tire we do nmt conuldcr the source rechanism for Lhe peﬁumbral
‘increases as clearly indicated to be local luner surface features.

Our results do indicate that the plasma B value 1s an important

parameter determining the presence and size of the penumbral increase.



- ConcXisions

A quantitative study of the umbral increases-and penumbral decrcases

. and increases in the lunar wake of the solar wind flow show a strong

mdepgpdqnce'qqq pos;pivg{correlgtiqn_wiph plasma'B“yalue,,~In addition,

n decreascd'magnrtﬁde'of penumbrai incrb&se with distance from the moon
ié obéerQéd. -There does not appear to be a correlation in the freguency
of occurrence of penumbral increases with restricted selenographic
longitude regions of the moon. However, the transitory nature of the
phenomena; penumbral increases are not always observed and the
‘ciear association of the penumbral increases with the plasma B value
méy indicate that upstream plasma conditions contribute to the cause

of the penumbral increases. A correlation of lunar surface magnetic
" fie1d measurements and penumbral increases ebserved from Grbiting
satellites will be essential to resolve 'the énigmatic problen of

the source mechanism of the penumbral increases.
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SLGURE CAPTIONS

FPigure 1

Figure

Figure

Fipure

Figure

Sample Explorer 35 NASA-GSFC magnetic field duta measured

dwing transit of lunar wake. Identifiable penwnibral increcaces

. .and @ecreqses and-the_umbral inérease are illubtrafed and the

position of the lunar ¥ach cone crossing defined.

Statistical distribution of measured plasma Bi by Explorer 35
MIT experiment and the NASA-GSFC magnetic field experiment.
In addition the distribution of the tocal plasma B value,
assuming a Te = 1.5 x 10°°K, is indicated.

Occurrence frequency of umbral increases and penumbral
decreases observed by the NASA-GSFC magnetic field

experiment on Explorer 35 during July 1967-July 1968. | .

Variation of plasma 3 value with wrnbral increase and

penumbral decressés, These results confirii the earlier

studies by Ogilvie and iiess (1959).
Occurrence frequency of cobserved penumbral decreases i{or

- 4 e
VArLaTion

¢t
o

tvo ranres of distance Trom the moon. No sinificdn:
of penumbral decrease magnitude with distance from the moon

can be interpreted from the slight differences in the averages.

'Selenographic longitude distribution of large (LPI) and
small (SPI) penumbral increases observed by NASA-GSFC

'Explorer 35 magnetic field experiment. No non-uniform

distribution is apparent in penumbral increase occurrence
although a suggestion of more frequent occurrence of large

penumbral increases at longitudes between 60° to 180° East

is possible,
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H 76,703 EXPLORER 35-MEASUREMENTS
i T JULY 1967 TO JULY 1968
e . © . AVERAGE B;=0.42"

i | 2 e MEDIAN =0.31 *
AVERAGE f =i.21
" MEDIAN B =0.76

INTERVAL, PERCENT

-

IN

. B =8wnk(T;+Te)/B%
assuming Tg=1.5 X10°°K:-
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