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Abstract~ThestrengthanddirectionoftheInterplanetaryMagneticField(IMF)controls thetransferofsolar 
windmomentumandenergy to the highlatitude thermospherein adirect fashion.Thesenseof“Y”component 
ofthe IMF (BY) creates a significant asymmetry of the magnetospheric convection pattern as mapped onto the 
high latitude thermosphere and ionosphere. The resulting response of the polar thermospheric winds during 
periods when BY is either positive or negative is quite distinct, with pronounced changes in the relative 
strength of thermospheric winds in the dusk-dawn parts of the polar cap and in the dawn part of the aurora1 
oval. In a study of four periods when there was a clear signature of BY, observed by the ZSEE-3 satellite, with 
observations of polar winds and electric fields from the Dynamics Explorer-2 satellite and with wind 
observations by a ground-based Fabry-Perot interferometer located in Kiruna, Northern Sweden, it is 
possible to explain features of the high latitude thermospheric circulation using three dimensional global 
models including BY dependent, asymmetric, polar convection fields. Ground-based Fabry-Perot 
interferometers often observe anomalously low zonal wind velocities in the (Northern) dawn aurora1 oval 
during periods ofextremely high geomagnetic activity when BY is positive. Conversely, for BY negative, there 
is an early transition from westward to southward and eastward winds in the evening aurora1 oval (excluding 
the effects of aurora1 substorms), and extremely large eastward (sunward) winds may be driven in the aurora1 
oval after magnetic midnight. These observations are matched by the observation of strong anti-sunward 
polar-cap wind jets from the DE-2 satellite, on the dusk side with BY negative, and on the dawn side with BY 
positive. 

1. INTRODUCTION 

A number of empirical studies during the past decade The satellite observations of DeVries (1972), later 
have highlighted the dynamical effects of the ion rocket-borne chemical release observations by 
convection patterns generated by the solar wind and Meriwether et al. (1973) and Kelley et al. (1977), and 
magnetosphere interaction on the wind systems of the ground-based Fabry-Perot observations by Nagy et al. 
thermosphere in the polar regions. Rees (1971, 1973) (1974) and by Hays et ul. (1979) demonstrated that high 
showed that in the vicinity of the aurora1 oval, zonal velocity winds, considerably in excess of the lo& 
winds could be related to the ion drag momentum 200 m s 1 to be expected from winds generated solely 
coupling. This process generates zonal winds which are by solar e.u.v. heating, were common in the vicinity of 
basically westward in the evening aurora1 oval, driven the aurora1 oval and polar cap. Moreover, in the auro- 
by a northward electric field, and eastward in the ral oval, many of the high velocity winds observed 
morning aurora1 oval, driven by a southward electric were directed sunward (in the evening aurora1 oval in 
field. The magnitude of the zonal winds was found to particular). quite contrary to the sense of winds 

increase when the aurora1 electrojets were locally 
enhanced. 
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generated by a solar e.u.v.-driven source. Since 1976, a 
number of other sources of data on high latitude wind 
distributions have been published, including Pereira et 
al. (1980), Smith and Sweeney (1980), Hernandez and 
Roble (1978) Rees et al. (1980), Mikkelson et al. (1981) 
and Heppner and Miller (1982). The launch of the 
Dynamics Explorer (DE) satellites in 1981 (Hoffman 
and Schmerling, 1982) provided a new impetus to 
empirical and theoretical studies of the thermosphere, 
and in particular to studies of the response of the polar 
regions to geomagnetic activity. The Fabry-Perot 
interferometer (FPI) (Hays et af., 1981), and the Wind 
and Temperature sensor {WATS) (Spencer et al., 198 I), 
provided separate measurements of the me~dional and 
zonal wind respectively, which could be combined 
(Killeen et ai., 1982) to give a vector neutral wind 
measurement over a complete perigee pass of the polar- 
orbiting satellite (DE-2) for the height range 320- 
350 km (approx.). 

The global thermospheric models (e.g. Rees et al., 
1983 and Roble et al., 1983) have used symmetric 
models of the polar ion convection patterns from 
Heppner (1977) and Volland (1978) as a basis for 
describing the ion drag momentum source at high 
latitudes. That is, the convection pattern is aligned with 
the sun/earth direction in a geomagnetic frame of 
reference, and the potential drop across the dusk and 
dawn parts of the auroral oval and polar cap are 
approximately equal. This symmetry, to some extent, 
also will appear in the high latitude energy input 
particularly if the semi-empirical Chiu (1975) plasma 
density model is used to describe the global ionosphere. 

If thermospheric wind data obtained by DE-2 from 
single orbits, or from ground-based Fabry-Perot 
interferometers (GBFPI) on a single night, are 
considered it becomes clear that for a significant 
fraction of these data sets, successful modelling is not 
possible if the polar convection electric field is 
constrained to be symmetric. That is, simulations of the 
thermospheric wind distribution observed during an 
entire perigee pass over the high latitude regions (from 
DE-2), or for the duration of an entire night (from the 
GBFPI), would require unrealistic plasma densities or 
non-physical sources of geomagnetic energy if the 
convective ion velocity was everywhere scaled to a 
symmetric pattern. 

For example, the satellite instruments have fre- 
quently observed strong anti-sunward wind jets over 
the geomagnetic polar cap which may be located near 
either the dusk or dawn boundaries between the polar 
cap and the aurora1 oval, rather than being located 
symmet~~ally across the centre of the polar cap (Hays 
et al., 1984). Observations from a CBFPI located in 
northern Scandinavia (Rees et al., 19X2, 1983a,b,c) 

have shown that at different times of comparable 
geomagnetic activity (at moderate to high activity 
levels), there are occasions when thermospheric winds 
throughout the dawn aurora1 oval may either be 
anomalously strong, or almost absent. The same 
GBFPI data base has also shown that the time of 
transition from the strong westward winds associated 
with the dusk aurora1 oval, to the strong equatorward 
(anti-sunward) winds of the magnetic midnight and 
postmidnight regions, may vary by several hours. 

The clearest instances of the anomalies in either the 
satellite or the ground-based data (by contrast with the 
predictions from model simulations using symmetric 
convention models, or average data) appear to have 
occurred when, during the preceding period, the “Y’ 
component of the Interplanetary Magnetic Field {BY) 
was systematically either positive or negative, for a 
period of several hours. 

Semi-empirical models of the polar electric field 
distributions have been prepared for the situations 
where BY is systematically positive (the B2 field) or 
systematically negative (the A2 field) by Heppner and 
Maynard (1983). These characteristic field models have 
been introduced into the UCL 3D-TD global model to 
investigate the changes in high latitude thermospheric 
winds which may be associated with the sense ofthe “ Y” 
component of the IMF. Comparisons of the new model 
simulations with the DE-2 and GBFPI neutral wind 
observations show that the asymmetric models help to 
resolve many of the features observed in the data. 

The present study is incomplete; there is, as yet, no 
complementary study of the patterns of magneto- 
spheric energetic plasma precipitation as a function of 
the “Y” component of the IMF. A necessary follow-on 
study would be the inclusion of precipitation patterns 
withadependenceon the”Y”component oftheIMFin 
a seif-consistent way, reflecting the ionisation and 
heating effects of the precipitation, and the combined 
effects of electric fields and neutral winds in redistri- 
buting ionization. 

2. THE POLAR ION 

CONVECTION DISTRIBUTION 

A number of semi-empirical or theoretical models of 
the convective electric field over the polar and aurora1 
region have been presented including Heppner (1977), 
Volland (1978), Spiro et al. (1978), Heelis et at. (1982). 
In the main, these models have a relatively symmetric 
distribution of electric potential over the polar cap. 
Spiro’s model does have a considerable symmetry 
between the magnitude of the electric field potential 
drop across the dusk and dawn parts of the aurora1 
oval, and Heppner (1977) introduces two asymmetric 
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models of convection (At B) (based on UCU-6 data) few hours. This will establish consistent boundary 
which he suggests may be related to the ” r’ component conditions over a large part of the surface of the 
of the IMF. magnetosphere, including its extension to considerable 

Recently, and based on the wide distribution of data distances down the magnetospheric tail, 
obtained from the Dynamics Explorer-2 satellite, The use of these patterns in global modelling of the 
Heppner and Maynard (1983) have delineated changes thermospheric response is limited because, as yet, no 
of the polar cap ion convection pattern correlated with empirical models of the high latitude magnetospheric 
the sense of the “Y” component of the IMF. The two precipitation, sorted in a comprehensive way by BY 
convection distributions are shown in Figs. 1 and 2, positive and BY negative, have been created. It is thus 
corresponding to the ion convection in the Northern not yet possible to create a fully realistic empirical 
Hemisphere for BY positive (B2 Model) and for BY description of all of the parameters involved in 
negative (A2 Model) respectivety. The convection meddling the thermospheric consequences of the 
pattern in the Southern Hemisphere for BY positive response to the sense of the “y component of the IMF. 
would be that for the Northern Hemisphere with BY 
negative. Similarly, for the Southern Hemisphere the 
distribution for BY negative would be the same as that 

3. THE THREE-~I~IENSI~N~L AND 

in the Northern Hemisphere with BY positive. The 
TIME-DEPENDENT GLOBAL 

major differences to be inferred from the response of the 
THERMOSWERIC MODEL 

convection pattern to the sense ofthe “Y’” component of The formulation and characteristics of the 
the TMF are summarized in Table 1. University College London (UCL) three-dimensional, 

Unambiguous signatures in the ion convections time-dependent (3-D, T-D) global thermospheric 
pattern will only be established if the entire model have been described in a series of papers (Rees et 
magnetosphere is immersed within a relatively al., 1980; Fuller-Rowe11 and Rees, 1980, 1981, 1983, 
homogeneous region of the solar wind for a period of a 1984). In some of these papers and others (Rees tit at., 

FIG. 1. THE B-2 POLAR COWECTION ELECTRIC P~TE~%TEA~ ~1~~~~3~10~~~~5~ HEFR~R mm MAYNARD, i983). 
Used in the Northern Hemisphere when the “2”’ component of the IMF is positive, and in the Southerrl 

Hemisphere when the “Y” component &the EMF is negative. 
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* 
MODEL AZ 

FIG. ~.TIIEA-2 POLARCONVECTIONELECTKICPO?ENTIALDISTRIBUTION(FROMHEPPNERANDMAYNARD,~~~~). 
Used in the Northern Hemisphere when the “I” component of the IMF is negative, and in the Southern 

Hemisphere when the “I”’ component of the IMF is positive. 

BY +ve 

TABLE 1 
- 

BY -ve 

Main convection entry to polar cap Main convection entry to polar cap 
about 09 L.M.T. about 15 L.M.T. 

Strong potential gradient (dusk-dawn) 
on dawn side of polar cap 

Dusk polar cap is a broad, low 
velocity region 

Strong potential gradient (dusk- 
dawn) on dusk side of polar cap 

Dawn polar cap is a broad, low 
velocity region 

Dusk aurora1 oval convection 
continues westward to 09 L.M.T. 

Dusk aurora1 oval westward convection 
extends to 01 L.M.T. 

Dawn amoral oval sunward (eastward) 
cell curtailed 02-09 L..M.T. 

Cross-polar cap potential 76 kV 
Potential of dusk boundary -42 kV 
Potential of dawn boundary 34 kV 
Cusp entry to polar cap 11.5 L.M.T. 
Harang discontinuity at centre of 

aurora1 oval 01 L.M.T. 
Diameter of polar cap 28 

(degrees geomagnetic latitude) 
Diameter of amoral oval 40 

(fastest sunward convection) 

Dusk aurora1 and westward convection 
curtailed at _ 14 L.M.T. 

Dusk aurorai oval westward 
convection starts at 00 L.M.T. 

Dawn aurora1 oval eastward cell 
extended 01 L.M.T. - > 14 L.M.T. 

Cross-polar cap potential 76 kV 
Potential of dusk boundary -40 kV 
Potential of dawn boundary 36 kV 
Cusp entry to polar cap 10 L.M.T. 
Harang discontinuity at centre of 

aurora1 oval 00 L.M.T. 
Diameter of polar cap 32 

(degrees geomagnetic latitude) 
Diameter of auroral oval 42 

(fastest sunward convection) 
- 
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1981, 1982a,b, 1983c,d; Heppner and Miller, 1982; 
King-Hele and Walker, 1983), recent empirical ther- 

mospheric data from a variety of rocket, satellite 
and ground-based techniques have been compared 
with model simulations for a suitable geophysical 
situation, including the variable effects of season, solar 
and geomagnetic activity. 

One of the most important physical processes 
driving the thermospheric response to a particular level 
of geomagnetic activity is the polar ion convection 
distribution driven by the magnetospheric electric field. 

The UCL 3D-TD model has been used to examine 
the different effects of a number of semi-empirical or 
theoretical models of the polar convection electric field. 
Early versions (Rees et al., 1980, 1983a,b,c) used 
symmetric convection models based on the work of 
Heppner (1977) and Volland (1978). The later work 
described by Quegan et al. (1982) and Fuller-Rowe11 et 
al. (1984) used the somewhat asymmetric model of 
Spiro (1978)(with no dependence on the IMF), and was 

of particular interest as it was used to evaluate the 
consequences of combining the important interactive 
effects of precipitation, convection and induced 
thermospheric winds on the polar ionosphere. 

For the purposes of evaluating the effects of the 
asymmetric polar convection electric fields due to 
Heppner and Maynard (1983) on the polar thermo- 
spheric circulation, a sequence of model simulations 
has been prepared. All of the simulations have been 
generated for the solar activity and seasonal conditions 
appropriate for the period mid-November 1981 to 
early February 1982 (Table 2). The conditions are 
approximately those of the Northern Hemisphere 
winter solstice, since the thermospheric wind changes 
induced by the small variation of solar illumination 
alone through this period 
with the effects induced 
activity. 

are quite small compared 
by variable geomagnetic 

Two ionospheric models have been used with each of 
the polar electric field situations, providing a range of 

four simulations. Two of these simulations (J2, JA) 
correspond to moderately quiet geomagnetic con- 
ditions, and the other two (JB, JC) correspond to 
moderately disturbed conditions. In the JB and JC 
models, soft electron sources have been introduced into 
the polar cap and the polar cusp regions. Rees et al. 

(1985a) have compared the mean thermospheric wind 
patterns obtained from the DE-2 satellite in both the 
North and the South Hemispheres with these 
theoretical simulations. In one final simulation (JQ), for 
BY positive only, aurora1 electrons as described by 
Spiro et al. (1982) have been added to the input of the JC 
model. This has the effect of enhancing plasma density, 
ion drag and frictional heating within the aurora1 oval. 
In the BY positive simulations (JA, JC, JQ) the driving 
convection patterns are B2 in the Northern 
Hemisphere and A2 in the Southern Hemisphere. For 
the BY negative simulations (J2, JB) the A2 pattern is 
used in the Northern Hemisphere and the B2 pattern is 
used in the Southern Hemisphere. The simulations used 
in this paper are summarized in Table 3. 

The Chiu ionospheric model reflects no enhance- 
ment of the polar ionosphere due to any geomagnetic 
processes. When the Chiu ionosphere is combined with 
the A2 or B2 polar convection field models, the 
resulting model simulates moderately quiet geomag- 
netic conditions (KP 2) by a combination of rather over- 
estimating the convection field and under-estimating 
the enhancement of ionospheric plasma densities, 
particularly in the winter polar region, due to 
geomagnetic processes. 

The PIONS polar ionosphere model can use, as 
input, a theoretical description of the magnetospheric 
particle precipitation, or an empirical model such as 
that of Spiro et al. (1982). As a result, the polar 
ionospheric plasma densities will be enhanced by 

TABLE 2. 

l/2 December 1981 : 

6/7 December 198 1 : 

BY -ve before 15 U.T.; BY +ve after 15 U.T. 
BZ variable southward and northward periods. 
B mainly about 5-10 nT. 

BYpositive throughout, 
BZ southward, 2-5 nT. 
B about 5 nT. 

25/26 December 198 1: BY negative until OS U.T. on 26 December. 
BZ mainly southward, but small values. 
B 4-6 nT. 

12/13 February 1982: BY -ve. EX 18-21 U.T. 
BZ -ve. 17-22 U.T. and 0 U.T. - > 
B > 20 U.T. < 22 U.T. to 15 nT at 08 U.T. 
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magnetospheric particle precipitation. The three- 
dimensional polar ionosphere is treated as a series of 
one-dimensional solutions, based on the work of Robie 
and Rees (1977), where the effects of plasma transport 
and interactions between the ionosphere and 
thermosphere are ignored. The heat input due to these 
particles is included in the neutral energy equation. 

This approach, its usefulness and its limitations, has 
been discussed in some detail by Smith (1984) and by 
Rees et al. (1985a). When the A2 or the B2 polar 
convection field is used with the PIONS polar 
ionospheric model, and the soft electrons in the polar 
cap and polar cusp region are added (Table 2), the 
resulting model is considered to rellect moderately 
disturbed geomagnetic conditions, where K, would be 
between 3 and about 4 (Rees at izl., 1985a). 

When aurora1 electrons (Spiro et at., 1982) for 
100 < AE < 300 are added, as well as the soft polar 
cap electrons, the resulting simulation is considered 
to be representative of conditions where K, would be 
in the range between 4 and about 6. Note that all of 
the simulations used here only have U.T.-dependence, 
and that there is no attempt to simulate the individual 
large substorms which would punctuate periods of 
moderate@ disturbed geoma~eti~ activity. 

The model results are available at a total of 15 
pressure levels between SO and approx. 500 km, and for 
all Universal Times for the northern winter/southern 
summer solstice which have been chosen for these 
simulations. For illustration, the instantaneous wind 
distributions at a constant altitude of 320 km for the 
JB and JC simulations have been presented for two 
Universal Times: 18 U.T. ; (Fig. 3, Northern Hemi- 
sphere; Fig. 4, Southern Hemisphere), and 2.4 U.T. ; 
(Fig. 5, Northern Hemisphere, Fig. 6, Southern 
Hemisphere). 

These figures are snapshots ofthe circulation in both 
the North and South pohr regions and show, at these 
Universal Times, the corresponding wind IIows 
produced by the convective electric field for situation 
where the “Y” component ofthe IMF is systematically 
either positive (JC) or negative (JB). In an alternative 
presentation, the simulated global data (comprising the 
‘“snapshots” at 1.2 h U.T. intervals) have been sampled 
to show meridional profiles for the L.T. plane 06-18 
L.S.T., as a function of Universal Time (1.2-h intervals) 
for comparison with the data base acquired from the 
neutral wind measuring instruments of the DE-2 
satellite during December 1981 (Hays et ai, 1984). 
Figure 7 shows the JC simulation for the Northern 
Hemisphe~e~~~Positive~moderately disturbed), white 
Fig. 8 shows thecomplementary ~J3)simulatiou. In Fig. 
9, the JQ simulation, for more disturbed geomagnetic 
conditions (3 Y positive) is shown. The increase in the 

magnitude of sunward winds in the dusk aurora1 oval, 
and the tendency for sunward winds in the dawn 
aurora.1 oval, are the major changes produced by the 
increased activity (compare Figs. 7 and 9). 

The effects on thermospheric circulation at high 
latitude which result from alternating between a 
positive or a negative value of the “Y” component of the 
IMF are qualitatively similar for both ionospheric 
models (Chiu or PIONS), although the magnitude of 
the winds in the polar regions are significantly 
enhanced when the latter ionospheric model is used. 
The following discussion summarizes the major 
consequences : 

(if Northern Nemisphere-A2fiel npplied (J2, JB) 
The major effect of applying the A2 field to the 

Northern Hemisphere is to produce a considerable 
increase in the equatorward and eastward wind 
velocities of the post-magnetic midnight region of the 
Northern Hemisphere aurora1 oval, relative to those 
produced with the same ionospheric plasma densities 
with the symmetric or the B2 electric field patterns 
(compare Figs 3B with 3A). A second effect is that there 
is a complete circulation cell involving the dawn 
aurora1 oval and the dusk and central portions of the 
geomagnetic polar cap. This anticlockwise circulation 
cell is particularly pronounced during the U.T. period 
between 16 and 02 U.T. (see Figs. 3B and 58). 

In general, for an aurora1 oval station, the time of 
onset of equatorward and eastward winds (following 
the dusk period af westward winds) occurs at earlier 
magnetic time. This is associated with a strengthening 
of the anti-sunward winds in the dusk part of the polar 
cap (relative to symmetric models, compare Figs. 5B 
and 5A). 

The winds of the dusk auroral oval are not weakened 
sign~~~antly under the influence of the A2 convection 
model, but the local time region occupied by these 
westward winds is shortened by 2 or 3 h. 

(ii) Southern Hemisphere-B2$eE applied (52, JB) 
The major effects of the B2 field in the Southern 

Hemisphere are firstly, to induce a strong cyclonic 
vortex encompassing the dusk amoral oval and the 
dawn part of the geomagnetic polar cap (Figs. 4B and 
6B). 

Secondly, the sunward winds induced in the dawn 
aurora1 ova1 are considerably weaker than those 
produced by the A2 field (compare Figs. 4B with 4A). 
The sunward winds of the dawn aurora1 oval appear to 
be discom~ected from the polar cap circulation. 

The strong anti-sunward winds of the dawn part of 
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the polar cap connect into a region of strong 
equatorward winds post-magnetic midnight, in ad- 
dition to their connection into the cyclonic vortex 
involving the dusk aurora1 oval. 

SIMULATION 2. BY POSITIVE 

(i) Northern Hemisphere-B2jeld applied (JA, JC, JQ) 
The induced thermospheric circulation in the 

Northern Hemisphere with BY positive is, as expected, 
very similar to that occurring in the Southern 
Hemisphere when the IMF BY component is negative. 

A strong anti-sunward wind jet occurs on the dawn 
side of the geomagnetic polar cap, completing the 
strong clockwise vortex which is completed within the 
dusk aurora1 oval (Fig. 3A). Only when the plasma 
densities within the aurora1 oval are enhanced (JQ 
model), are significant sunward (eastward) winds 
driven in the dawn aurora1 oval. As would be 
anticipated, the JQ model, with enhanced aurora1 
precipitation, shows the highest sunward winds in both 
the dusk and dawn regions of the aurora1 oval (Fig. 9). 

(ii) Southern Hemisphere-A2~e~d applied (JA, JC, JQ) 
This field configuration induces a circulation in the 

Southern polar region which is complementary to that 
occurring in the Northern hemisphere when BY is 

negative. 
There is a general enhancement of post-magnetic 

midnight winds in the dawn aurora1 oval (Fig. 4A). The 
sunward winds in the dawn aurora1 oval complete an 
anti-clockwise circulation cell which includes the dusk 
part of the polar cap. 

The transition time for the change between sunward 
winds in the dusk or evening aurora1 oval, and eastward 
and equatorward winds (Le. the onset of the anti- 
sunward winds flowing over the polar cap) is brought to 
earlier magnetic local time. The anti-sunward winds in 
the dusk region of the polar cap are strengthened. 

The duration of the period of westward and sunward 

winds in the evening aurora1 oval is shortened, 
although the magnitude of the sunward winds is not 
significantly reduced. 

4. THE EMPIRICAL DATA 

Four periods have been selected for this comparative 
study ofthermospheric winds and the predictions of the 
theoretical model. The selection characteristics are 
based on the following criteria : 

1. Aurora1 oval winds for all four nights were 
observed by the GBFPI located at Kiruna, Sweden, 
with perfect observing condition. 

II. For ail four periods, a relatively clear signature of 
all three components of the IMF is available from the 
fSEE 3 spacecraft. Either the “I”’ component was 
persistently positive or negative throughout the 
observing period, or there was a clear switch of 
direction at one specific time. 

III. The selected periods occurred when sequences of 
polar perigee passes of the DE-2 satellite provided wind 
data from the FPI and WATS instruments, and/or 
polar electric field data from the VEFI instrument. 
These data thus provided additional information via 
the wind and ion flow structures within the polar cap 
region, augmenting the hound-bask wind data 
available from the Scandinavian region of the aurora1 
oval. 

The geomagnetic conditions for each of the four 
selected periods are summarized in Table 3. 

There are many other periods of similar general 
behaviour of winds, as observed from Kiruna, which 
could have been selected from over 400 nights of 
thermospheric wind observation since 1980. The 
selected periods show clear signatures in the polar or 
aurora1 oval winds, or are the best correlated ground- 
based and satellite observations. However, they are 
also characteristic of the polar wind response during 
many other periods of observation when there was a 
systematic trend in the “Y” component of the IMF. 

TABLE 3. 

IMF “BY” N.H. S.H. Ionospheric model Identifier 

BY positive 
BY positive 

BY positive 

BY negative 
BY negative 

A2 / B2 Chiu (Moderately quiet) 
Pions (Moderately disturbed), 

K,<2) JA 
3<K,<4) JC 

(Polar cap and cusp electrons) 
Pions (rather disturbed), 
(Polar cap and aurora1 electrons) 

4<K,<6) JQ 

B2 / A2 Chin (~~erat~iy quiet), 
Pions (Moderately disturbed), 

K,< 2) J2 

(Polar cap and cusp electrons) 
3<K,<4) JB 
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PERIOD 1. l/2 DECEMBER 1981 

BY negative before 15 U.T., positive after 15 U.T. 
The ISEE- IMF data for this period are shown in 

Fig. 10. There was a sudden switch of the BY 
component at 15 U.T. Prior to 15 U.T., the IMF 
“Y” component was consistently negative, while after 
15 U.T., it was consisistently positive until later on 
2 December 1982. The total IMF field increased, be- 
tween 10 and 15 U.T., from 6 nT to a moderately high 
value (12 nT), but the BZ component oscillated 
between southward and northward, and was mainly 
northward after 17 U.T., limiting the energy and 
momentum transfer rates from the solar wind 
to the magnetosphere. 

A series of polar passes of DE-2 are available for this 
period. The first, orbit 1778, occurred immediately 
before the BY component switched sense from negative 
to positive at 15 U.T. The second, 1779, occurred soon 

after the change, but probably before the magneto- 
spheric convection had fully responded to the change 
in IMF BY. The thermospheric winds would respond 
to the change of polar convection with a further delay 
of the order of an hour. Orbits 1781 and 1782 occurred 
during the subsequent extended period when BY was 
strongly positive. The polar electric field data from the 
VEFI instrument on DE-2 for these four and three 
subsequent passes are shown in Fig. 11, corresponding 
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FIG. 10. THE IMF AS OBSERVED BY THE ISEE- SATELLITE 

DURING 1 DEC/~ DEC 1981. 

to the evolution of the Northern Hemisphere polar 
electric field during the period from 14 U.T., (1 Dee) 
until 03 U.T. (2 Dee). At 14:04 U.T., the main anti- 
sunward flow was concentrated on the dusk side of the 

polar cap. The next orbit showed a relatively symmetric 
pattern across the polar cap. By orbit 1781, and for all 
subsequent orbits displayed here, the anti-sunward 
convection was very strong on the dawn side of the 
polar cap. Considering the propagation delay to the 
magnetopause from the location ISEE-3, the convec- 
tion pattern responds almost immediately to the 
change in IMF BY At 01.22, the BZcomponent became 
northward. As the BZ component became northward, 
the convection in the aurora1 oval weakened and the 
polar cap shrank, despite very strong anti-sunward 
flow in the dawn side of the polar cap. 

The ground-based FPI data are shown in Fig. 12, for 
the period between 14 and 05 : 30 U.T. on 2 December 
1981. These wind components are compared with the 
appropriately-sampled data from the model simu- 
lations when the IMF “Y” component has either a 
positive or negative sense. The zonal components were 
measured in both the eastward (12A) and westward 
(12B) directions from ESRANGE, Kiruna (Note: for 
the ESRANGE observations (l/2 Dee, 6/7 Dee 1982) 
only, observations of the zonal wind component from 
the westward direction were made at a slightly higher 
geomagnetic latitude than the measurements made in 

the eastward direction). Moderately strong westward 
winds were seen ofboth locations (max. 20s300m s- ‘) 
until 20: 5 U.T., when there was a steady change to very 
modest eastward winds (50-100 m s- ‘). After 02 U.T., 
the zonal wind reverted to westward for the rest of the 
night, but with weak values (50-100 m s-l). Prior to 
about 18 U.T., the predictions ofeither the JB or the JC 
model would have fitted the observed westward winds 
equally well. However, after 18 U.T., the observed 
low eastward wind components were very similar to 
the low values predicted by the JC model (i.e. the 
moderately disturbed simulation for IMF BY positive, 
as observed), while the JB model (BY negative) would 
have predicted 200 m S-I eastward zonal winds 
between 19 and 02 U.T. 

Meridional winds observed by the GBFPI (Fig. 13) 
were weak before 18 U.T. (slightly northward), and then 
changed (as seen to the North of Kiruna, Fig. 13A) 
to moderate to strong equatorward winds (2W 
300 m s- ‘) after 19 U.T., a relatively late time of the 
night (Rees et al., 1985a). To the South of Kiruna 
(13B), the equatorward winds were somewhat lower, 
150-200 m s-l. The magnitude of the equatorward 
meridional winds after magnetic midnight are rela- 
tively insensitive to Bx however, the period of the 
equatorward winds starts and ends somewhat later 
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LRT= 68 

Figure L?A shows the zonaf wind component 400 km to the West of Kiruna, while Fig. 123 shows that 
measured400kmtotheEastafKiruna.Ineachcasethedataarecnmparedwith th~JCmodelrepresenringBY 

positive, and the 3B model representing BY negative. Data is shown for event 1,l Dee/2 Dee 1981. 
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when BY is positive. The magnitude of the equator- 
ward winds observed after 20 U.T. thus agreed well 
with the model predictions for either sense of the BY 
IMF component. The time of the change from north- 
ward to southward winds was about one hour later 
than that predicted by either model. The actual data 
of l/2 December thus appear to show an exaggera- 
ted form of this tendency for a delay in the period 
of equatorward winds when the BY component is 
positive. 

As seen by the DE-2 satellite, the polar crossing at 16 
U.T. (orbit 1779) showed winds in the polar cap (Fig. 14) 
which were consistent with the predictions of a model 
comensurate with negative “Y” component of the IMF 
which existed before 15 U.T. at the ISEE- spacecraft. 
That is, there was a maximum anti-sunward wind on 
the dusk side of the polar cap, combined with relatively 
strong eastward and equatorward winds in the dawn 
aurora1 oval. This pass is near the time when BY switch 
would have reached the magnetosphere, and although 
the convection pattern is in the process of responding 
(Fig. 1 l), the polar winds still reflect the previous state of 
the IMF. The JB, JC and JQ simulations from the 

global model have been compared with the DE-2 data 
in this figure. The JB (BY negative) model simulation 
demonstrates this tendency for the highest anti- 
sunward winds to occur on the dusk side of the polar 
cap, and for enhanced sunward wind flow in the dawn 
aurora1 oval. The observed wind structures of orbit 
1779 are, however, more extreme than the predictions 
of the JB model. 

By the time (3 h later) ofthe next available DE-2 polar 
pass (orbit 1781, Fig. 15) there was a remarkablechange 
in the wind and electric field structure. Figure 11 shows 
that the peak ion drifts are now on the dawn side of the 
polar cap, and a very strong anti-sunward wind jet has 
developed, with a peak velocity of 1300 m s- 1 on the 
dawn side of the polar cap. This is, in fact, one of the 
highest thermospheric wind speeds observed by DE-2, 
and it considerably exceeds the wind speed predicted by 
the relevant model (JQ) simulation for the IMF BY 
positive condition. The maximum wind velocity and 
the maximum anti-sunward ion speed are very close to 
the same values. 

The agreement in the shape of the simulated and 
observed wind structures over the polar cap is the most 
important factor. The cross-polar cap potential used in 
the theoretical simulations (Table 3) was significantly 
lower than the value implied by the data from VEFI at 
this time. 

The next orbit (1782, Fig. 16), at 20: 45 U.T., again 
shows the characteristic wind patterns and electric field 
patterns of the prevailing positive BY component of the 
IMF. The peak wind velocities are somwhat less than 
those observed on orbit 1781, but the structure agrees 
very well with the wind pattern simulated by the JQ 

model. The VEFI data (Fig. 11) show that at this time, 
the cross-polar cap potential was close to the value used 
in the model simulations (about 80 kV). Thus, within 2- 
3 h of the arrival of the BY switch of the magnetosphere, 
both the Kiruna and DE-2 data sets indicate that the 
wind had responded to the convection pattern switch. 

JB 
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JC 

JQ 

DEG POLE DEG 
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xSUNx 

F1c.14. COMPARISONOFTHEVECTORWINDSDERIVEDFROMTHE WATS AND FPI INSTRUMENTSOF DE-2 DURING 
THEPOLARPASS~~~~ON~DEC~~~~WITHTHEAPPROPRIATESAMPLESFROMTHEJCANDJQMODELS(BYPOSITIVE) 

AND THE JB MODEL (BY NEGATIVE). 
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4 = 50iN'SEC 

FIG. 15. SAME AS Fro 14, BUT FOR ORBIT 1781 (19.05 UT., 1 DEC 1981). 

PERIOD 2. 6 DECEMBER 1981 

BY positive throughout period 
Figure 17 shows the IMF from ISEE- during 

this period. The total field strength was modest, 5 nT, 
there was a small and fairly consistent southward 
component, and the BY component was systemati~Ily 
positive. 

The GBFPl winds (Fig. IS zonal winds, Fig. 19 
meridional winds) showed similar trends to the data of 1 
December (PERIOD 1). To the west of Kiruna (Fig. 
18B) there were modest westward winds before about 
2&21 U.T., and with equatorward winds of around 
200 m s-i setting in after 20 U.T. After 21 U.T. 
there were weak eastward zonal winds barely reach- 

ing lOOms_’ at any time. To the East of Kiruna (Fig. 
18A), at lower geomagnetic latitude, the data indicate 
that there was no effective penetration by the sun- 
ward ion convection region of the dusk aurora1 
oval. The zonal winds to the east of Kiruna were thus 
indistinguishable from a mid-latitude wind circulation, 
with weak eastward winds until 23 U.T. and weak west- 
ward winds for the remainder of the night. The break 
in wind data measured to the South of Kiruna was 
due to the interference from the moon which was 
close to full phase and was also close to the “South” 
viewing direction at this time. The GBFPI winds were 
similar to the simulated winds (Model JC) for the pre- 
vailing BY positive situation. 

The data from the sequence of DE-2 orbits (Fig. 20) 

POLE 

+. = 5ROM/SEC 

702 

Fro 16. SAME AS FIG. 14, BUT FOR ORBIT 1782 (20.67 UT., 1 DEC 1981). 
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shows that the high latitude electric field structures as 
measured by VEFI were entirely consistent with the 
IMF BY positive situation, from the first orbit in the 
sequence (1849 at 08 : 40 U.T.) through 23 : 00 U.T. 

The satellite wind data described a sequence of 
observations from an orbit which crosses near the cusp 
region (orbit 1849, Fig. 21) to one which crosses the 
night side of the geomagnetic polar cap (orbit 1856, Fig. 
24). The comparisons between the data and the 
simulations show that there were persistent strong anti- 
sunward wind on the dawn side of the polar cap. Also, in 
the region of the dawn aurora1 oval, the winds were 
either weakly sunward (orbit 1856) or directed anti- 
sunward (1849, Fig. 21 and 1853, Fig. 22). No data were 
available for the dawn oval crossing of orbit 1854 (Fig. 

23). 

PERIOD 3. 25 DECEMBER 1981 

BY negative until 05 U.T. (26 December) 
The IMF data(Fig. 25) show that the Y component of 

the IMF was systematically negative until 05 U.T. on 
the morning of 26 December. The 2 component was 
directed southward prior to 16 U.T. and variable for the 
remainder of the period, while the total IMF was 
relatively weak, never more than about 6 nT. Despite 
the relatively weak total IMF, the southward 
component ensured that coupling of energy and 
momentum from the solar wind to the magnetosphere 

was large enough to generate a significant geomagnetic 
disturbance and to drive relatively large thermospheric 
winds within the aurora1 oval. Between 02 and 06 U.T. 
the total IMF fell to between 2 and 3 nT, an extremely 
low value. 

A sequence of observations of the polar cap electric 
field from VEFI of DE-2 are shown in Fig. 26 for this 
period. The first orbit in the sequence, at 15 : 40 U.T. 
shows a symmetric convection in the polar cap. After 
about 16 U.T., the polar electric field patterns are all 
consistent with the negative value of B I: There is strong 
anti-sunward convection on the dusk side of the polar 
cap in the Northern Hemisphere, and stronger anti- 
sunwardconvectionon thedawnsideofthepolarcapin 
the Southern Hemisphere. The asymmetric pattern, 
with the stronger dusk side polar cap convection has 
also been deduced by Heppner (1977) to be a BY 
negative (Northern Hemisphere) effect. It may also be 
related to the very small value of BZ during the 
preceding 2 h. For all these passes the electric field 
values are, for the most part, small and the polar cap is 
contracted poleward. This is especially true in the last 
pass when, as noted above, the IMF drops to near 3 nT 
and BZ was positive. 

The thermospheric winds (measured by the ground- 
based FPI-Fig. 27 zonal winds, Fig. 28, meridional 
winds) switched to the equatorward sense as early 
as 15 U.T. There were quite strong westward winds 
(300 m s-l) prior to 21 U.T., and relatively strong 
(> 200 m s-l) eastward winds between 21 and 03 : 30 
U.T. Later in the night, all wind components mode- 
rated to about 100 m s- ‘, reflecting the very low IMF 
magnetic field after 02 U.T. The early switch to equator- 
ward winds and the strong eastward winds after 
21 U.T. are characteristic of the simulated thermo- 
spheric winds for conditions when the IMF has a 
negative BY component (Models JB). The magnitude 
of the westward and equatorward winds were larger 
than might have been anticipated considering the 
relatively small value of the total IMF during the period 
before 02 U.T. 

The relatively late switch from westward to eastward 
winds (21 U.T.) appears to be the signature of the small 
total IMF, leading to a poleward contraction of the 
aurora1 oval. The southward component of the IMF 
seems to have been the effective factor in enhancing the 
transfer of momentum and energy from the solar wind 
to the magnetosphere during this period, despite the 
low total IMF. 

PERIOD 4. 12/13 FEBRUARY 1982 

IMF BY negative, BZ southward, strong IMF (> 20 nT) 
This set of observations was taken during an 
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extended disturbed period between 10 and 15 February midnight and in the early morning hours of 12/13 
1982. The IMF data from ISEE 3 (Fig. 29), show the February 1982 are the strongest eastward and 
extremely large values of the IMF magnetic field, and equatorward winds recorded in 400 nights of 
the strong negative values of BY The thermospheric observations with good observing conditions from 
winds observed at Kiruna are shown in Figs. 30 (zonal Kiruna since 1980 (Rees et al., 1983~). 
winds) and 31 (meridional winds) respectively. The The 2 component of the IMF was continuously 
winds which were observed in the period post-magnetic negative, i.e. the IMF was strongly southward, after 
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FIG. 23. SAME ~5 FIG. ~~,BOTSATELLITEWINDSFROMORBIT 1854. 

16 U.T. on the 12th, and the BY component was aIso {both at 19 U.T.) is evidence that this was the case. No 
negative for an extended period (40 h from 02 U.T. on I2 DE-2 poIar passes were avaifable for this perk& 
February). Under these conditions, there would have however, magnetospher~c particle pr~~pita~on data 
been a major equatorward expansion of the aurora1 avsilabfe From the NOAA 6 and 7 satdlites (Evans, 
ovat (Rees et al., I985a; Siscoe, 1983, and references 1984, private communication), confirmed that the 
therein). The very early transition of the GBFPI winds aurora1 precipitation boundaries were expanded far 
at Kiruna to equatorward and eastward directions equatorward oftheir normal locations throughout this 
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period, and that intense precipitation fluxes were 
measured within the aurora1 oval crossings of the two 
spacecraft. 

The extreme eastward and equatorward thermo- 
spheric winds throughout the midnight and morning 
aurora1 oval during the period between 20 and 03 U.T. 
are structured, and the peak velocities follow par- 
ticularly large geomagnetic disturbances during the 
period about UT. midnight. The combination of the 
early transition to eastward and equatorward winds, 
and the very high wind velocities, are characteristic of 
the extremely disturbed geomagnetic conditions. The 
very strong eastward winds after magneti~midnight are 
characteristic of the simulation with the negative sense 
of the “Y” component of the IMF. We have not, as yet, 
attempted a “storm” simulation with BY negative, 
reflecting the expanded size of the aurora1 oval, and a 
cross-polar cap electric potential of perhaps 150 kV or 
larger, due to the lack of available empirical data on the 
polar electric field at any time during this period. 

It is possible, however, to extrapolate from the 
simulations discussed by Rees et aI. (1985a). Their 
simulations were carried out to examine the behaviour 
of the westward the~ospheric jetstream of the evening 
aurora1 oval during extremely disturbed periods. In 
their simulations, the aurora1 oval winds were greatly 
increased during situations such as 17 December 1982, 

where the IMF was rather less disturbed than that 
observed during the 12 February 1982 event. Strong 
cross-polar cap anti-sunward winds are also generated 
during these major disturbances. These may be 
observed at aurora1 oval locations such as Kiruna as 
strong equatorward winds after magnetic midnight and 
in the early morning hours. Symmetric polar electric 
field distributions as used in the simulations discussed 
by Rees et al. (1985a) produced eastward winds in the 
dawn aurora1 oval, but with a maximum wind of only 
300m s- *, compared with the 700m s- ’ observed close 
to midnight U.T. f2/13 Feb 1982. 

A negative “Y” component of the IMF has a 
propensity for enhancing the eastward thermospheric 
jetstream in the morning aurora1 oval in the Northern 
Hemisphere, as displayed in the simulations and in the 
data discussed already. However, it appears that the 
extreme winds of the 12/13 February event were caused 
by a combination of the following five factors : 

1. Strong total IMF (> 20 nT), 
II. Negative IMF Z component (southward), 
III. Negative IMF Y component, 
IV. Expanded aurora1 oval and enhanced cross-cap 

potential, 
V. Enhanced magnetospheri~ particle precipitation. 

5. SUMMARY 

Theremospheric wind data from the Dynamics 
Explorer-2 satellite and from a ground-based Fabry- 
Perot interferometer located at Kiruna, Northern 
Sweden, obtained during periods of consistent positive 
or negative values of the “Y” component of the IMF 
have been compared with simulations by a global three- 
dimensional thermospheric model. This model has 
used, as part of the description of the geomagnetic 
input, a polar convection electric field with a 
dependence on the sense of the “Y” component of the 
Interplanetary Magnetic Field. 

The polar electric field data available for four of the 
periods examined here confirmed that the charac- 
teristic structures of polar ion flow associated with the 
positive or negative “Y” component of the IMF did 
actually occur. In the Northern Hemisphere strong 
anti-sunward ion Rows occurred on the dawn side ofthe 
geomagnetic polar cap when BY was positive, and on 
the dusk side when BY was negative. 

The comparison of observed and modelled ther- 
mospheric winds has demonstrated that the high 
latitutude circulation does have a distinctive response 
to the sense of the BY component of the Interplanetary 
Magnetic Field. In particular, strong anti-sunward 
wind jets on the dawn side of the polar cap can be 
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Note that the Southern Hemisphere passes have been plotted from dusk to dawn to emphasize the enhanced 
convection on the dawnside ofthe polar cap corresponding to the enhanced convection on the dusk side in the 

Northern Hemisphere for BY negative. 
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associated with strong anti-sunward ion convection in 
the same region, a feature of the polar convection field 
when the Y component of the IMF is positive. At such 
times, there are weak sunward wind velocities in the 
dawn aurora1 oval, associated with the constricted 
region of weak sunward ion convection in the dawn 
aurora1 oval at such times. When the IMF BY 
component is negative; the strongest anti-sunward ion 
convection within the polar cap is found on the dusk 
side of the polar cap. The the~ospheric winds in the 
polar cap respond in a similar fashion During this 
situation there is enhanced sunward ion Aow within the 
dawn aurora1 oval, and this enhances sunward 
thermospheric wind flow velocities in this region. 
Periods ofvery strong eastward zonal winds in the post 
midnight aurora1 oval appear to occur uniquely in 
response to this situation. At Kiruna, the transition of 
westward zonal winds into equatorward and eastward 
winds one or more hours before magnetic midnight is 
another pronounced feature of a period when the “Y” 
component of the IMF is negative. The transition to 
eastward winds occurs about 2 h earlier on average 
when BY is negative, than when BY is positive. 

Examining the data from the Kiruna GBFPI on 
a night by night basis, the variance in the time when 
the thermospheric wind changes from westward, to 
southward and eastward is sometimes confused by the 
strong influence of short-period and violent pertur- 
bations associated with westw~d-travelling surges, 
which are themselves associated with strong substorms 
in the magnetic midnight sector of the aurora1 oval. 

Given the limited temporal resolution of the 
successive BE-2 orbits, it appears that the polar ion 
convection pattern responds nearly immediately to a 
switch ofthe IMF BY component at the magnetopause. 
The polar thermospheric wind pattern, as observed by 
DE-2 and by the ground-based FPI’s, responds to this 
change of ion convection within a further period of 
about two hours, This delay is consistent with the 
response we have observed in comparable theoretical 
simulations, and the subject will be discussed in detail in 
future studies. 

Our present understanding of the complete ther- 
mospheric effects of the sense change of the “Y” 
component of the IMF is clouded due to the lack of an 
empirical model describing the variance of magneto- 



Theoretical and empirical study of the response of the high latitude thermosphere 31 

12 18 0 F 12 
UNIVERSRL TIME 

FIG ZBNRL WIN0 CClMPONENT 
POSITIVE ERSTWARO 

T 
SOOM/SEC 

& 

.-____;..-_ 
\:I- Ii 

12 18 0 G 12 
UNIVERSAL TIME 

FE. 30. SAMEAS FIG. 12, ZONALWINDSI'ROMTHE GBFPI ATKIRUNAFOR 12113 FEB 1982. 



38 

0 
UNlVERSRC TIME 



Theoretical and empirical study of the response of the high latitude thermosphere 39 

spheric particle ~r~&~~~~a~~#~ with the sense of the 

IMF SY, and covering the entire range of particle 
energies of importance for ~~rmospher~~ energy and 
momentum studies. The data bases becoming avail- 
able from DMSP, NOAA and the Rynnmics Explorer 

satellites are, in principle, capable of providing the 
required precipitation data as an important input to 
future thermospheric models. 

The next major stage towards improving a 
quantitative understanding of the relative importance 
of external {solar w~nd~magnetosphere) and internal 
~thermosphere~~onosphere) processes will depend not 
only on improved empirical models ofmagnetospher~~ 
particle energy input, but also on the perfecting of 
interactive models of the polar ionosphere and 
thermosphere. The ionosphere, which pravides the 
medium by which ion drag and friction and Joule 
heating effects modify thermospheric structure and 
dynamics, is extensively modified by magnetospheric 
convection and particle precipitation. Major feedback 
processes into the ionosphere occur as a result of the 
strong thermospheric winds and large changes in 
thermospheric composition, which are generated 
during major geomagnetic disturbances. These strong 
feedback processes make simple linear or one- 
dimensional modeiting of the ionospheric structure 
response to convection and pr~~~pita~on ofsomewhat 
limited value. 
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