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The Lffects of Magnctospheric Conveetion on Atmospherie Fleetrie Fields in the Polar Cap
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Abstract

Itis well-known that a potential difference of some 30 1o 30 KV exists between the dawnside and the duskside
boundaries of the polar cap fonosphere. This potential difference arises from inleractions between the solar wind snd
the magnetosphere, In this paper we examine how the resulling ionospheric electric fields map down to the lower
atmosphere. It is found that such fields map down to bakoon aliitudes of 30 —40 km with little attenuation of
distortion, in agrecment with several previous authors' results. It is also found that-the mapping efficiency is not
significantly affected by conduetivity changes during auroral and pokur cilp absorption events, provided that these -
changes oceur over arcas larger than the scale size of clectric fields involved. These resubs generally support the
ideas behind balloon measurements of ionospheric electric fields, 1t also appears possible (o infer magneto-
spheric convection clectric ficlds from simultancous ground-based mensurements of vertical atmospheric ficlds
at suitably spaced stations in the polar cap.
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It is well established that large-scale clectric ficlds exist in the.carth’s magnetosphere as a result
of its interactions with the solar wind rushing by at supersonic speeds. Electric fields are also known
to be associated with magnetospheric substorms, a process by which the magnetosphere explosively
releases its energy [see, for example, Akasofir and Chapman (197211, These clectric fields play vital roles
in miagnelospherie dynamics und have been a topic of greal interest in recent yéars, These Gelds are
typically 10 ' V/in or less, and henee difficult 10 measure, bul a number of lechinigues have recently
become available to measure them direetly or indirectly. They inelude probes flown on saieilites (c.g. ]
Heppner, 1972, Gurnert and Frank, 1973), rockets {e. g, Mozer and Bruston, 1967, Agygson, 1969), and - T
balloons (e.g. Mozer, 1971 Mozer and Manka, 1971), artificial injection of ion clouds {c.g. Haerendel '
and Liist, 19707 Wescotr etal,, 1970) and . ground-based probing technigues such as incoberent scatter
radars {e.g. Banks clal., 1973} and whistlers (c.g. Curpenter ctal,, 1972). As a resull of intensive experi-
mental eflorts utilizing these techniques, a crude first-order picture of electric field distribution in the
magnetosphere and ionosphere is emerging.

Al ionospheric heights and above, clectrical conductivity along the geomagnetic field is normally
so high that the magnetic fiekd lines cani be regarded as cquipotentials. Thus, any potential difference
sct up between ficld lines in the magnetosphere is carried virtuatly undiminished to the lower edge
of the ionosphere. It is interesting to investigate how this aflects the ionospheric potential with respect
to the earth and fair-weather electric ficlds in the lower atmosphere. In this piper, we will onty consider
the cffects of solur-wind induced electric fields at high latitudes. We will not consider substorm-asso-
ciated electric ficlds that are more turbulent and penetrate to middle lavitudes (e.g. Carpenter and
Park, 1973). Another source of electric lickds not discussed here is the dynamo action in the jonospheric
E region. Their effeets on the lower atmosphere have been considered by Voliand (1972).

The solar wind sets up a large-scale circulation of plasma in the magnetosphere through frictional
interaction (Axford und Hines, 1961) or through ficld line merging {(Dungev. 1961). We need not be
concerned about the interaction mechanism here, because buth mechanisms give rise 10 essentially
the same circulation pattern in the polar ionosphere [see, Tor example, Axford (1969)]. Fig. 1 is a noon-
midnight cross scction of the magneiosphere illustrating Pungey's ficld line mereing modcel. As the
solar wind encounters the mugnetosphere, the interplanetary magactic field in which the solar wind
is embedded merges with the geomagnetic field as shown. Where the [ield lines are merged, magneto-
spheric plasma is swept in the anti-sunward direction by the solar wind. This is accompanied by a
counterflow in the sunward direction at fower latitudes, Fig. 2 shows how this circulation patiern
will appear when we look down upon the north pole. The flow lines in the figure are also equipotential
lines, since the plasma flows perpendicular Lo electric fields uccording to the relationship
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' Fig. 1. A sketeh illustrating Dungey's {1961} mode! of selar wind-magnctasphere interaction
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. 2. A sketch of plusma flow pattern in the high-latitude ionosphere
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Fig. 3. A sketch of ionospheric potentizl distribution corresponding to the convection pattern illustrated in Fig. 2
(Earth potential = 0 V)
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Associated with the circulation pattern of Fip. 2 is o dawn-to-dush variation in the wnosplieric l.'u'!t\r.alu
pertentiad as illusrated in Fig, 3, A wotal petential drop of 250k V across the polar cap hirs been assanied Ll fickia

inaddition to an averipe ionospheric polential of X0 LV with respect (o the carth, Plecine Bel! mgis. Gt -0

urements by satellites Bying over the polar cpr s that such dawn=to-gusk pertentizl dilTerence miy - anisotlrop
vary from ~30kV 10 300 kV depending upon the state of the magnelosphere and of the solir wind : lhrt"c fy
{Hepprer, 19725 Gurnett and Frank, 1973). Given an ionospheric potenttal distribution as in Fig 3, : FERIORN o
what cleetric fields are expected in the lower atmosphere? Before considering this question, we will the Besse

first discuss the general problem of mapping jonospheric fields 1o lower altiludes, clange.

130 km u:
Downward Mapping of lonospheric Electric Ficlds
Conductirvity Profile )

At high latitudes conductivities are greatly influenced by precipitating encrgetic particles associateil o
with geophysical disturbances such as aurora and polar cap ubsorption. Fig, 4 shows model conductivity- -
profiles representing undisturbed nighttime conditions and polar cap absorption (PCA) events. These .
models were constructed in consultation with T. Watt (private communication, 1974), who has been
measuring electron densitics above ~ 50 km altitude using an incohcrent scatter radar at Chatanika,

Alaska. At lower aftitudes we lack experimental data and therefore nust rely on “best puesses™, We
assume that the conductivities are identical to the middle latitude vatlues below 15 km (sec our companion R
paper) and fill in the region between 15km and 50 km with smooth curves. Comparing these with'
corresponding middie latitude models in our companion paper, it appears that at high Tatitudes the - - -
conductivitics are significantly enhanced by background precipitation even during geophysically - -
“quiet” times. :
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Mapping Fueror

We use similar procedures as in the third section of onr compinion pager w eateulate the mapping
factor, defined as the ratio of horizental electrie field £t the alitude of interest 1o the assumed horizon-
tal field at the source altitnde of 150 km, We will anly consider time-independent felds with spatial varia-
tions of the form £, = £, costh x) cus{k, 1) We use 160 homogencous layers 10 approximate the
anisotropic region between 70 km and 450 km, while the isotropic region helow 70km is divided into
thee Tayers with exponemtially virving conductivity, The bisie equations ind their sobutions Tor botl
regions Are given in our companion paper, Ligs. 157 and {7] of thit paper apply here as well eace that

the Beaaell function Julkr) must be replaced by casth, xjeos(k, 3) becanse of the coordinate system

change. The boundary conditions are alse similar, but in the present case we specify the potential at

130 km as the uppermost boundary condition.
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Fig. 5. Mapping fuctors for borizontal ionospheric clectric fields with selected values of spatial wavelength

Fig. 5 shows the mapping factor as a function-of altitude for the quict night conductivity model.
The ellective wavelength, 2, is defined by
2n
Vi + k2

Itis evident in Fig. 5 that electri¢ fields with 4 > 200 km map down (o the lower atmosphere with
little reduction in magnitude, whereas smaller scale fields are altenuated rapidly. Similar results have
been obtained by Kelloyg and Weed (1969), Mozer {1971), Bostrém et al. (1973), and Chiu (1974), Because
electric fields map miore cfficiently in the direction of decreasing conductivity, the mapping lactors
we ohtain here are many orders of magnitude larger than the corresponding factors for upward mapping
case it our companion paper. This fact has been used to good advantage in many balloon experiments
Lo infer ionospheric electric ficlds lrom measurements made at 30—40 km altitudes (Mozer and Serlin,-
1969: Mozer and Manka, 1971),

Effeess of Conduetivity Anisotropy

We show in aur companion puper that conductivity anisotropy is extremely important in caleulating
upward propagating electric ficlds above ~80km. To find out how anisotropy affects downwurd
mapping, we repeated the caleulations of Fig, 5 wilth ¢, made equal 1o ay. The results arc shown by
solid curves in Fig. 6a. The dashed curves are reproduced from Fig, § for reference. The cffects of ani-
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SotrapyY is [ decrease attenuihon at karge alttdes where the promagnetic hicld lines sipproach e Effects of o
potentials. “Thus, for large seale (4 2 100 km) clectric fields, the effective source altitude is Jowered to

¥ Sinee the
~ R0k, where ayfa, = K0 This is better illustrted in Fig 6b. The solid enrve was ablained by plucing : above that .
1.!\0 souree i“ K0 !un and using isotropic conductivities, | ].Ii,\‘;ljn'l'l‘cﬁ wellwith e dashed curve freproduced ’ avents wline
brom Fig. 5) which assumes the souree al 150 bm but includes anisolropy above 70 km. reniting rela
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Fig. 6a. Mapping factors for horizontal ionospheric electric fiefds with (dashed curves, reproduced from Fig. 5) ‘ ' Fig. 7. Mapy -
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Fffeets of Conditied v Clianges

Sincethe effective soureeds 1t = 80 km Tor jonosplvoe fields with 2 2 fur k. conductinvity changes
above that altiticde are not expegted to inffuence mapping factors, T oms out that even during PCA
events which cavse larpe conductivity enhimeements at muoch bower altitudes, the mapping fictows
reminn reliively upallected, T 7 comparres amappng Lrctors calenlinted for quict mpht iond POA
conductivity profiles of 17ig 4.
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Fig. 7. Mapping factors for quict niphttime condition {dashed curves, reproduced from 1ig. 3) and for polar cap
absarption condition (solid curves)

During auroral activity, conductivities become comparable to the PCA values above ~ 100Kk
Although auroral ¥-ravs are known to penetrate to balloon altitudes, they are not expected o compele
with IPCA's 0 inereasing conductivities there. Thus we conclude that conductivity modulations hy
geophysical disturbances do not significantly change downward muapping of large-scale (4 2 (0 kny
jondspheric electric ficlds, provided that such modulations occur over arcas much lirger than the
sale size of electric fieids involved. . ‘ .

We assumed no horizontal conductivity variations in our analysis. Il there ase small scale conducivity
irregularities at low altitudes, as might be the case when discrete auroral forms are present. then electric
held distortions due to such irregularities must be considered. At present no experimental data are
availableron conductivity structures in the polar atmospherc.

l"olaf Cap Atmospheric Ficlds

We saw in the previous section that large-scale horizontal electric fields in the ionosphere map down
o low altitudes quite efficiently. The mapping factor decreases with descreasing scale-size so that fine
structures in {onospheric ficlds tend to get smeared out. However, gross features of polar ¢up iono-
spheric ficlds illustraied in Fig. 3 should map down to balloon altitudes of 30—40km without suffering
significant distortion. As we approach the ground level, however, even large-scale ficlds get attenuated
severely so thal ground-based measurements of horizontal electric fields do not appear to be promising
{or the purposc of inferring fonospheric flields. '

Since iarge-scaie ionospheric fickds are not shorted out by hotizontal currents, it follows that verticul
electric Gields at fow altitudes should fuithfully follow the everhead ionospheric potential. For example,
verticalt electrie Gelds shoudd have the same dawn-te-dusk variation across the polar cap as the potential

541

i
0

gy Ld _V o '.__'

(LY 4 ﬁ ! '_‘; “ ¥ i r {
1 o :

w0



variation dlastered i Fip 30 measerements sie sade a1 prowumd-ased station, we expeet divnmd
vatitions with a dawn masinmm and o dusk miaimum, {Keeall that magnetospheric conveetion
pattern illustrated in Fig, 2 is fixed in U solar-mapnetospheric coordinie system, with the carth roting
tderneati i) Lo addition, there will be anivernsat tme vatiations as both the size of the pokir cap
and the porentiad drop across it change with the changing stale of the nagnetosphere, Auroral eifects
on verical admospheric frelds have been reported by several experimenters (Qfson, 1971 : Freier, 1961
Labandin and Paramonens, 19725 but it is not ¢lear whether they are related 1o the elfects discussed here,

Becnuse ground-hased measurements are influenced by focal meteorological conditions, it s diflicult
to infer ionospheric cleetric fields from measurements at o single station. However, if vertical fields
are measured simultancously at a Lutitudinal chain {or several chains) of stations, it should be pussible
to separite local and globul effects by statistical means.

Conclusions

Magnetospheric convection clectric ficlds are expected 1o significantly affect fair-weather atmos-
pheric electric ficlds in the polar region. Balloon meusurements of horizontal electric ficlds have been
successfully carried out and magnetospheric electric ficlds inferred from them, It appears that ground-
based measurements of vertical electric ficlds can also be used to infer nurgnetospheric ficlds. In addition
to the polar cap-clectric ficlds considered here, electric fiekls associated with magnetospheric substorms
and the ionospheric dynamo may also have important implications for atmespheric clectricity at
middie and low latitudes.
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Discussion
Rulke, Reston, Virpinia, USA:

With the potentialy which map down from the ionosphere in polar regions there are horizontid electrie fields
assaciated and also conduction currents. Can you give us any idea how the horizontl conduction current maps
down in polar regions? ’ .
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Purk, Stanford, California, USA:

- The conduction curren is simply related to the electric fickd through the conduclivity. So, the current mapping
would be idennical 1 clectric fickd mapping except for muliiplicion factors due 1o conuductinaty profile,

Kenenirr, Boulder, Colorado, USA:

In e of your sliches {11 33 you showed the potential difference in the ionasphere near the polar cap, and you
sitied thint the fichdy were mappoed dows 'the ground. Could yau give us the value of the sertrcal Tictds that wo
could meisure at the grownd? Let’s say you are at the best place, at 707 aor 75 lutitude. What would be the
difference beiween the dusk and dawn vertical Ticlds at the ground?

Park.” .

In this particular case illustrated here, you would have more than o 3:1 difference in vertical electric felds
measured at dawn and dusk.

Kascmr:

1 would Tike to clarify this a livie, The absolute value is impnortant insofar as we have a superposition of fhe
ordinary fair-weather field and the ionospluric field. The guestion would therefore be: can we detect the
ionospheric ficld against a fair-weather fiekd of, say, 50 V/m at the ground?

Purk:

The potential pattern 1 showed does include the uverage ionospheric potential of 200 kY with respevt o the
carth. So the total vertical electric ficld you see ut dawn and dusk would differ by a ratio of more than 3:1.
Miildeisen, Ravensburg, West-Germany:

[ think we have comtinuous measurements of the polential gradient in Spitzbergen and other places 1 about
75 degrees. As | remember, no clear deviations from the global duily variation eccur in these measurements. Do
you have an explanation for this?

Park:

OF course. there are daily vaviations of the average ionospheric potential in addition to the dawn-to-dush

potential difference. The latter s also known to be quile variable so that if you look at the data from one stilion

. you may find a pattern dominated by the global daily variation depending upon the relationship between the

universal time and the magnetic time at the statien. If we want te look for the magnetospheric effects, 1 think we
need simuliancous observations at multiple stalions.
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