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Abstract. We present simultaneous measurements of thermospheric winds,
auroral emissions, and ionospheric currents over Alaska, obtained from four
separate instruments. Thermospheric (F' region) wind maps were recorded by an
all-sky imaging Fabry-Perot spectrometer located at Poker Flat and observing at
A630.0 nm. Auroral images at Ab57.7 nm were obtained from the low-resolution
visible imager on board the Polar satellite. White-light all-sky auroral images were
recorded by ground-based all-sky cameras located in Alaska at Poker Flat (65°
07°N, 212° 34°E) and at Kaktovik (70° 06N, 217° 24°E). Finally, the east-west
component of the ionospheric F' region plasma convection was inferred using the
Alaskan meridian chain of magnetometers. Montage images of these four data
sets are presented, projected onto a geographic map of the Alaskan region. We
examine a 10-hour period during the Alaskan local nighttime of February 10, 1997.
These montages illustrate a close relationship between spatial structures occurring
in the aurora, in the ionospheric plasma convection, and in the F' region wind field.
Latitudinal shear of the geomagnetic zonal wind, often observed in the premidnight
time sector, was seen to be associated with both the equatorward and poleward
boundaries of the discrete aurora. We focus particularly on a period commencing
just after 0900 UT, when a strong shear in the zonal wind was observed to sweep
southward across Alaska. After magnetic midnight the wind field was dominated
by the emergence of the “cross-polar jet” from the polar cap. This overwhelmed

any wind features associated with local auroral processes.

1. Introduction

Winds in the Earth’s thermosphere above ~100-km
altitude have been measured by various methods since
the 1960s. Over Alaska, for example, thermospheric
winds have been measured using ground-based Fabry-
Perot spectrometers [Nagy et al., 1974; Hays et al.,
1979; Sica et al., 1986a, 1989, 1993; Smith et al,
1989], rocket-borne chemical releases [Meriwether et
al., 1973; Mikkelsen et al., 1981; Heppner and Miller,
1982; Larsen et al., 1995, 1997], incoherent scatter radar
[Bates and Roberts, 1977; Wickwar et al., 1984], and the
Dynamics Explorer 2 satellite [e.g., Killeen and Roble,
1988]. Many of these measurements have focused on the
upper thermosphere, in the height range ~200-600 km,
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mostly because the simplest experimental techniques
work best at these altitudes.

Paralleling these observational campaigns has been
the development of sophisticated first-principles three-
dimensional, time-dependent thermospheric computer
models [Fuller- Rowell and Rees, 1980; Dickinson et al.,
1981; Fuller-Rowell et al., 1987; Roble and Ridley, 1987;
Roble et al., 1988; Richmond et al., 1992; Idenden et al.,
1996]. Taken together, the observational and modeling
developments have yielded a widely accepted picture of
the “large-scale” behavior of winds in the upper ther-
mosphere. However, the horizontal resolution achieved
by most studies, both observational and modeling, has
been limited by available instrumental and computer re-
sources to spatial scales of typically ~500 km or larger.

The Dynamics Explorer 2 satellite was able to mea-
sure all three components of the wind vector as func-
tions of distance along the satellite track. These mea-
surements showed that there is a close association be-
tween reversals and boundaries in the neutral wind and
the location of the aurora [e.g., Spencer et al., 1982;
Hays et al., 1984; Killeen et al., 1988]. This result
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is consistent with the predictions of simplified two-
dimensional atmospheric models running at high spa-
tial resolution, which suggest that strong shears may
develop in the thermospheric wind field within several
hundred kilometers of an auroral arc [St.-Maurice and
Schunk, 1981; Fuller-Rowell, 1985; Lyons and Walter-
scheid, 1985; Walterscheid et al., 1985; Chang and St.-
Maurice, 1991; Walterscheid and Lyons, 1992; Keskinen
and Satyanarayana, 1993].

Although DE 2 did measure all three components
of the thermospheric wind, it only resolved the spatial
variation of the vector wind field with respect to one
spatial dimension (i.e., along the satellite track). Fur-
ther, the spatial resolution of the DE 2 meridional wind
data was limited to typically ~500 km by the satellite’s
limb-viewing geometry [Killeen and Roble, 1988]. Also,
for a given location the DE 2 measurements only pro-
vided isolated instantaneous measurements, occurring
during individual satellite overpasses.

The Poker Flat thermospheric wind imaging project
was initiated in 1995, with the objective of obtaining
upper thermospheric wind observations down to scale
lengths significantly shorter than 500 km. A novel
wavelength scanning, all-sky imaging Fabry-Perot spec-
trometer (ASI-FPS) was developed to facilitate these
measurements [Conde and Smith, 1997]. Earlier all-sky
Fabry-Perot instruments [Rees and Greenaway, 1983;
Biondi et al., 1995; Nakajima et al., 1995] have used
fixed-gap etalons to derive wavelength spectra from the
shapes of the Fabry-Perot fringes. Unfortunately, such
spectra are susceptible to distortions in the presence of
aurora, owing to intensity gradients across the sky. The
Poker Flat ASI-FPS uses a separation-scanned etalon to
recover spectra as a function of etalon gap (rather than
fringe shape) and is insensitive to spatial intensity gra-
dients in the aurora. We had postulated that small-scale
processes, particularly those associated with the aurora,
would establish wind structures that varied over length
scales as short as 100 km. Early observational results
from the ASI-FPS instrument rapidly confirmed the ex-
istence of these small-scale wind structures [Conde and
Smith, 1995, 1998a, 1998b).

Recent work on this project is now focused on pre-
senting an assimilated description of the Alaskan iono-
sphere and thermosphere, by combining ASI-FPS wind
measurements with data from several other preexist-
ing ground- and space-based instruments. An example
of this assimilation work is presented here. Our im-
mediate goal is to understand what processes establish
the observed small-scale wind features. In the longer
term we hope to examine the significance of small-scale
flow structures in dissipating the energy and momen-
tum supplied to the thermosphere by the solar wind,
via the magnetosphere and ionosphere.
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2. Instrumentation

2.1. All-Sky Imaging Fabry-Perot
Spectrometer

The Poker Flat wind mapper is an all-sky imaging
Fabry-Perot spectrometer (ASI-FPS) with separation-
scanned etalon plates. It views the sky down to 65°
zenith angle and divides this field of view into a contigu-
ous set of “zones,” typically 25 or 31 in number. An in-
dependent spectrum is acquired from each zone and an-
alyzed for Doppler shifts and Doppler widths. Doppler
shifts yield estimates of the line-of-sight wind compo-
nent prevailing in each viewing zone. Here we have
recorded and analyzed spectra of the thermospheric
A630 nm atomic oxygen emission. Thus the inferred
winds are representative of conditions at 240-km alti-
tude [e.g., Sica et al, 1986b]. For the instrument con-
figuration used during the February 1997 period pre-
sented here, wind estimates were obtained in each of
the 25 zones with a typical uncertainty of ~20 ms~!
using exposure times of 15 min. (The imaging detector
was upgraded in 1998 to an intensified CCD, yielding
typical performance of 10 ms~! wind uncertainty over
31 zones, from exposure times of only 6 min.) The in-
strument and observing techniques are described fully
by Conde and Smith [1995, 1997, 1998b).

Doppler shifts of the emission spectra only yield es-
timates of the line-of-sight component of the wind. To
infer a unique two-dimensional vector horizontal wind
field from a single observing site requires additional as-
sumptions, as described by Conde and Smith [1998b].
Briefly, we calculate a simple model (H, Hy) of the hor-
izontal vector wind field using first-order Taylor series
expansions of the zonal (u) and meridional (v) compo-
nents about the zenith point above an observatory,

du Ou
= _— —_— 1
Hy=uo+ R oY (1)
ov ov
= -— - 2
H, =wv + azx+ 8yy’ (2)

where z and y are the zonal and meridional distances
from the zenith to an observation point viewed at zenith
angle ¢ and azimuth angle 6, i.e.,

z = Rsiné, 3)
y = Rcosf, 4)
R = htan o, (5)

with h being the height of the emission layer. The model
wind field is described by six coefficients, ug, du/0z,
Ou/dy, vy, Ov/dz, and Sv/dy. These coeflicients are



CONDE ET AL.: ASSIMILATED OBSERVATIONS

chosen to give the best fit between the line-of-sight com-
ponents observed in the real wind field and the corre-
sponding line-of-sight components calculated from the
model. Unfortunately, observations from a single site
do not yield a unique solution for all six coeflicients, no
matter how many viewing directions are used. Thus an
additional constraint is obtained by assuming that, at
least over short time intervals,
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where ¢ is the tangential velocity of the observatory due
to the rotation of the Earth [ Burnside et al., 1981]. The
assumption is that for sufficiently short time intervals
the rotation of the Earth can be regarded as moving the
station through a meridional wind field that is station-
ary in local time. This allows the meridional wind to
be sampled at various locations along the zonal direc-
tion, which is not possible using line-of-sight data from
a single observation. Although this assumption may be
violated when the wind field is changing rapidly with
time, Conde and Smath [1998b] argue that, in practice,
instances of significant distortions due to this effect are
rare.

2.2. Polar Visible Imaging System

The Visible Imaging System (VIS) aboard the Polar
spacecraft has been described by Frank et al. [1995].
It comprises a set of three low-light-level cameras, two
of which provide images of the nighttime auroral oval
at visible wavelengths, while the third is used to moni-
tor the directions of viewing with respect to the sunlit
Earth and coincidentally provides global-scale images
of the aurora at FUV wavelengths. The two auroral
cameras have single-pixel dimensions of ~10 and 20 km
from a spacecraft altitude of 8 Rg. A number of differ-
ent auroral emissions can be observed using narrowband
filters. Here we present A557.7 nm images. The time
assigned to each 256 x256 pixel image acquired with the
low-resolution auroral camera corresponded to the time
at the end of the image readout from the CCD. The ex-
posure of these images began 28 s earlier and lasted for
24 s. The images that we used here had already been
mapped onto a uniform longitude-latitude grid. Not
all of the original images had been processed this way;
however, mapped images were readily available at 6-7
min intervals, which is about twice the measurement
frequency of the ASI-FPS data.

2.3. Poker Flat All-Sky Camera

The ground-based all-sky cameras (ASC) at Poker
Flat and Kaktovik (described by Kimball and Halli-
nan [1998a, 1998b]) are lens-coupled, intensified CCD
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systems. The Poker Flat camera operates automati-
cally whenever the moon is set and the Sun is at least
13° below the horizon, whereas the Kaktovik camera
is operated solely on a campaign basis. The cameras
normally operate unfiltered and are sensitive through-
out the visible spectrum. Images are recorded on VHS
videotape at 30 Hz and are also digitized by com-
puter once per minute. Here we obtained our all-sky
camera images from the l-min time resolution digital
archive. The digitized images (and time-lapse movies
compiled from them) are freely available via the inter-
net at http://gedds.pfrr.alaska.edu/allsky/.

A ground-based camera can only observe a restricted
portion of the auroral oval, whereas spacecraft like Polar
can image the aurora over an entire hemisphere. How-
ever, the ground-based perspective is much better for
observing the auroral fine structure that is associated
with local coupling phenomena.

2.4. Magnetometer-Derived Electrojet Current

Magnetic H component values recorded along a merid-
ional chain of sites can be inverted to estimate the one-
dimensional east-west component of the auroral elec-
trojet current density (EJT) along the meridian [Sun et
al., 1993]. We have applied this technique to an Alaskan
meridian chain of magnetometers, which comprised sta-
tions at Kaktovik, Fort Yukon, College, Talkeetna, and
Anchorage. The geographic locations of these sites are
printed in Table 1 and plotted in Figure 1. More infor-
mation on the stations is available over the World Wide
Web at http://magnet.gi.alaska.edu/. The electrojet
calculation was run using the highest time resolution
magnetometer data available, i.e., at 1-min intervals.

The auroral electrojets arise in the F region, where
ion motion is retarded by collisions but electrons con-
tinue to move freely in the E x B direction. The differ-
ential motion of ions and electrons results in a current.
At the height of maximum current density the electron
velocity significantly exceeds that of the ions. Thus the
electrojet current is carried mostly by the E region hor-
izontal electron flux, and it is directed approximately
opposite to the electron velocity. In the F’ region, how-
ever, ions and electrons move together. Thus we have
assumed that by simply reversing the sign of the E re-
gion electrojet current density, we can obtain a crude
and qualitative proxy for the (horizontal) F' region ion
convection.

3. Data Assimilation

We have only attempted to assimilate the data graph-
ically. All of the contributing instruments returned data
that were resolved spatially over at least one dimen-
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Table 1. Locations of Magnetometer Stations

Station Geographic Geographic Magnetic Magnetic
Latitude, deg Longitude, deg Latitude Longitude
Kaktovik 70.1 2174 71.0 260.3
Fort Yukon 66.6 214.8 66.7 262.2
College 64.9 212.2 64.9 261.6
Talkeetna 62.3 209.9 62.0 261.6
Anchorage 61.2 210.1 60.9 259.1

sion, i.e., latitude. Three of the four (ASI-FPS, VIS,
and ASC) also resolved their measurements in longi-
tude. Thus a convenient way to overlay all of the data
sets was to superimpose them onto a geographic map
of the Alaskan region.

The four data sets were computer rendered as bit
map images, using a simple projection in which dis-
tances east and north from Poker Flat mapped linearly
to z and y distances from the center of the bit map. The
geographic maps presented here were also generated as
bit map images, but in this case using an azimuthal
equidistant projection covering the Alaskan region (the
projection origin was chosen to lie at the intersection of
the equator and the meridian of Poker Flat). Then, for
each pixel in the geographic map, the azimuthal equidis-
tant projection was inverted to calculate the longitude
and latitude of that pixel. These (longitude, latitude)
coordinates were used to “look-up” the corresponding
pixel in the each of the linearly projected data bit maps.
Provided that the chosen pixel of a data bit map did not

contain a “no observation” value, that data value was
then overlaid onto the current pixel location of the ge-
ographic map. The observational data were overlaid in
the following sequence: VIS, ASC, EJT, and ASI-FPS.
Thus ASC data appear on top of VIS data, etc. Finally,
the coastlines were redrawn over the composite image,
to repair gaps made by the overlaid data.

The transformation to an azimuthal projection yielded
a visually pleasing map format, albeit at the expense of
making the ASI-FPS and ASC field of view circles ap-
pear slightly “egg” shaped, and of slightly curving the
zero-deflection axis of the EJT plots. Positional uncer-
tainties are inevitably introduced when projecting the
various data sets onto a geographic map. These uncer-
tainties are different for each experiment and in most
cases vary across the field of view of even a single in-
strument. We have not attempted to quantify these
variations; rather, we merely note that the positional
uncertainties are small compared to the length scale of
the smallest spatial structures that we observe in the F

Kaktovik
) 20

Figure 1.
contributing data to the electrojet calculations.

A map of Alaska showing the locations of ground-based magnetometer stations
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Plate 1. A polar view of the local-time evolution of the thermospheric wind field above Poker
Flat on February 10, 1997, superimposed on Poker Flat all-camera images and on a representation
of the local-time evolution of the Weimer [1995] convection model. This presentation is explained
in more detail in the text.
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February 10, 1997.

O

Plate 2. Data from the Fabry-Perot spectrometer, ground-based all-sky cameras, Polar Visible
Imaging System (VIS) cainera, and the electrojet calculation, overlaid as described in the text.
The three panels correspond to three times during the early evening of February 10, 1997.
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Plate 3. Data overlaid as described in the text, for the period 0919-0946 UT.
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Plate 4. Overlaid data for the period 1019-1303 UT.
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Figure 2. Magnetometer H component traces for February 10, 1997, from the meridian chain

of stations described in the text.

region wind field.

The ASI-FPS exposure time of 15 min yielded the
slowest data update rate of the four instruments. Thus
we could only make the assimilation maps at ~15-min
intervals. Even so, the 8-hour time period that we ex-
amined yielded 33 maps, far too many for all to be
included here. Thus we have only presented here a few
selected examples to illustrate the important coupling
phenomena evident in these data. We focus particu-
larly on a period commencing just after 0900 UT, when
a strong shear in the zonal wind was observed to sweep
southward across Alaska.

The time assigned to each of the maps was based
initially on the central time of the ASI-FPS exposure.
Since the set of geographically mapped VIS images that
we used here were sampled every 6 to 7 min, these data
had the second lowest time resolution of the four in-
struments. Thus we next found the VIS image closest
in time to each ASI-FPS exposure’s central time. The
exposure time of the selected VIS image was then used

as the time stamp for the whole assimilation. The ASC
and EJT data were available to us every minute; the
closest ASC and EJT data to the selected VIS time
were then chosen to be added to the assimilation. The
consequence of this procedure was that the VIS, ASC,
and EJT data always match in time to within ~1 min;
however, this time may be displaced up to 3-4 min from
the central time of the associated ASI-FPS exposure.
The time constant for the thermospheric wind to re-
spond to a change in ion-drag forcing is usually assumed
to be 1 hour or more [e.g., Killeen et al., 1984; Meri-
wether et al., 1988], except in regions of enhanced elec-
tron density such as the cusp and the evening auroral
zone [Smith et al., 1988]. Our own ASI-FPS observa-
tions span hundreds of nights, with time resolution in
some cases down to 4 min. These observations often
contain examples of changes on timescales as short as
30 min, or less. However, we have never observed the
F region wind field change so rapidly that the 3-4 min
“time jitter” in matching the ASI-FPS wind data to
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Figure 3. Poker Flat meridian-scanning photometer data for the night of Februrary 10,1997. A
rotating mirror in this instrument sweeps the fields of view of four photometers along the local
magnetic meridian from the north to the south horizon. The photometers measure the auroral
brightness at four wavelengths (of which only three are shown here.) The horizontal axis is
universal time, whereas the vertical axes indicate the viewing angle in the sky, measured from 0
at the north horizon. Gray scale bars indicate the intensity scale at each wavelength.

VIS, ASC, and EJT observations would introduce sig-
nificant discrepancies.

In all cases we will refer to observation times using
the universal time system. Similarly, unless otherwise
stated, all directions will be quoted relative to geomag-
netic north, which is ~25° east of geographic north at
Poker Flat. (Geomagnetic north is easily visualized on
auroral images, as it lies perpendicular to the general
geomagnetic east-west alignment of the large-scale au-
roral forms.)

4. Observations

4.1. Geophysical Conditions on February 10,
1997

We present data from the 10-hour period from 0416
to 1416 UT on February 10, 1997. Globally, this was a
moderately disturbed day, with the 3-hour Kp indices
being4_, 4_, 49, 3+, 34+, 3+, 40, and 4_. Locally, how-

ever, auroral and magnetic conditions reached storm
levels for many hours, as is apparent from the merid-
ian chain magnetometer data shown in Figure 2 and
the four-channel meridian-scanning photometer (MSP)
data shown in Figure 3.

The solar wind speed of 400-500 kms~! was ~150
kms~! above its quiescent value throughout the period
studied here. Figure 4 shows the z, y, and z components
of the interplanetary magnetic field, in GSM coordi-
nates, for February 10, 1997. These data were recorded
by the Wind spacecraft, from a location ~200 Rg (or
~45 min) “upstream” of the Earth with respect to the
solar wind. The interplanetary magnetic field (IMF) B,
component was persistently negative, varying between
4 and 8 nT southward.

The daily Fy¢.7 solar radio flux index was 70.4, and
the 30-day average Fg.7 solar radio flux index was 72.5,
indicating that this should definitely be regarded as a
solar minimum period. Apart from a cloud band ap-
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Figure 4. Interplanetary magnetic field (IMF) measurements from the Wind spacecraft for
February 10, 1997. The horizontal axis indicates the time of spacecraft measurement, which is
~45 min prior to the corresponding solar wind arrival time at Earth.

pearing low in the south late in the night, the skies
were clear above interior Alaska, offering ground-based
optical instruments a good view of the thermosphere.

4.2. Overview of Neutral Winds on February
10, 1997

In order to provide an overview and context for the
discussion that follows, Plate 1 is a summary plot of
the neutral wind variation during the Alaskan night of
February 10, 1997. The “clock dial” layout of this plot
is similar to that often used to display thermospheric
winds recorded at high-latitude sites, except that in this
case the black arrows show complete sky maps of the
wind field as a function of time, rather than the tra-
ditional one or two vectors for each time. Plate 1 is
intended to show the evolution of the wind field above
Poker Flat as seen by an observer located in space, some
distance above the north geomagnetic pole. The di-
rection to the Sun is at the top of Plate 1 so as time
advances, the spaced-based observer would see the ob-
servatory move anticlockwise in a circular arc centered
on the magnetic pole. Each successive set of vectors
in a circle maps the wind field measurable from Poker
Flat, at ~'75 min intervals, and is labeled with the corre-
sponding universal time. (Although we observed winds

using 15-min exposures, Plate 1 can only show every
fifth exposure without overlap, because the field of view
has been depicted at the correct scale relative to the dis-
tance to the magnetic pole.)

The blue-white background images in Plate 1 are
Poker Flat all-sky camera images mapped onto Plate
1’s coordinate system. The rainbow image and asso-
ciated white contours were derived by evaluating the
ionospheric electric field model of Weimer [1995]. It
must be emphasized that Plate 1 does not depict an
instantaneous map of the ionospheric electric potential.
Rather, each “meridian” in Plate 1 maps to a differ-
ent magnetic local time at Poker Flat. Thus universal
time increases anticlockwise around Plate 1, as is ap-
parent from the time stamps drawn next to each wind
map. Plate 1 was generated by determining the univer-
sal time corresponding to each pixel and then calculat-
ing the Weimer [1995] electric potential at that pixel,
based on the IMF and the solar wind speed correspond-
ing to that time. The IMF and solar wind data were
obtained from Wind spacecraft measurements, suitably
lagged to allow for the solar wind’s transit time from
the spacecraft to the Earth. The electric potential dis-
continuity at ~15 hours magnetic local time in Plate 1
arises because regions either side of this were calculated
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using IMF and solar wind data separated by 24 hours
of universal time.

Plate 1 is only based on a statistical electric field
model and cannot be expected to reproduce small-scale
features occurring on a particular day. Nevertheless, the
general effects of ion convection on the neutral wind are
very apparent. The transition from antisunward to sun-
ward neutral flow is seen between 0531 and 0801 UT.
This is the signature of ion drag transferring westward
momentum to the neutral wind from the duskside ion
convection. From 0916 UT onward the influence of the
cross-polar convection is also obvious, shearing the neu-
tral flow back toward the eastward direction.

4.3. 0601 UT

In the early evening (before ~0500 UT) the dusk
auroral oval usually lies well north of Poker Flat. At
solar minimum, and unless geomagnetic storm condi-
tions have prevailed for several hours, F' region winds
are driven mainly by solar-UV-induced global pressure
gradients. As the winter Sun sets in the (geographic)
west-southwest, the antisolar pressure gradient drives
uniform winds that blow toward the (geographic) east
or northeast [Conde and Smith, 1998b]. This was the
flow configuration that prevailed on February 10 at 0416
UT, at the start of this night’s observations, as can be
seen in the wind field labeled 0416 in Plate 1.

The MSP data shown in Figure 3 indicate that the
diffuse aurora gradually expanded equatorward through-
out the hour or so before 0500 UT. Between 0500 and
0600 UT, diffuse aurora covered the whole sky, with the
A486.1-nm emissions from precipitating protons reach-
ing a maximum well south of Poker Flat. By 0601 UT
a bright discrete auroral arc had become prominent to
the north of Poker Flat, as can been seen in the ASC
data mapped as two adjacent gray scale images in the
top panel of Plate 2. (Poker Flat lies at center of the
lower of the two mapped ASC images.)

Fabry-Perot wind measurements are depicted by white
arrows in Plate 2. A strong geomagnetically west-
ward shear with increasing geomagnetic latitude is ap-
parent in the F region wind measurements at 0601
UT. Presumably, this shear was established by west-
ward directed ion drag, which is expected to be as-
sociated with the dusk auroral oval [St.-Maurice and
Schunk, 1981; Fuller-Rowell, 1985; Lyons and Walter-
scheid, 1985; Walterscheid et al., 1985; Chang and St.-
Maurice, 1991; Walterscheid and Lyons, 1992].

Note that the westward wind was spatially coinci-
dent with the discrete aurora. However, the latitude
of strongest westward shear coincided with that of the
diffuse aurora, which lay equatorward of the discrete
aurora. The region of strongest shear presumably cor-
responds to the region of greatest ion-neutral momen-
tum transfer. This is consistent with the ion convec-
tion profile, inferred from the electrojet, and shown as
the curve filled with blue (westward) or pink (eastward)
shading in Plate 2. Although the inferred westward
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convection maximized near the equatorward boundary
of the discrete aurora, its latitudinal profile was signifi-
cantly asymmetric, with the profile’s centroid lying well
within the region of diffuse aurora. Poker Flat was not
yet visible to the POLAR satellite at this time (owing to
its orbital position), so the only auroral images included
in the upper panel of Plate 2 were from the Poker Flat
and Kaktovik ASC instruments.

4.4. 0644 UT

The MSP data in Figure 3 show that an equatorward
expansion of the aurora began at around 0630 UT and
lasted ~1 hour. The middle panel of Plate 2 shows as-
similated data acquired ~15 min after the onset of this
expansion. By this time, Poker Flat had become visible
to the Polar satellite. The western boundary of the VIS
image, running through the Alaskan settlements of An-
chorage and Kotzebue, indicates the limit of the field of
view of the imager.

Both the ASC and VIS images show discrete aurora
equatorward of Poker Flat, as expected from the equa-
torward expansion seen in the MSP data. As in the
upper panel of Plate 2, the ASI-FPS once again ob-
served geomagnetically westward winds coincident with
this discrete aurora. However, having followed the equa-
torward auroral expansion, the westward neutral flow
now also lay south of Poker Flat. The geomagnetically
southernmost arrows in the ASI-FPS data indicate that
the east-to-west wind shear (with increasing latitude)
that was seen at 0601 UT was probably still present in
the F' region wind field, although it now lay so far south
that the strongest of this shear had left the ASI-FPS
field of view. In the north, by contrast, the westward
neutral flow ended at a sharp shear line just north of
Poker Flat. This shear in the north, which had the op-
posite sense to that in the south, lay spatially coincident
with the poleward boundary of the discrete aurora. The
reason for the shear in the north is apparent from the
inferred plasma convection profile. Near the northern
limit of the ASI-FPS field of view, plasma convection
had already turned eastward. The neutral wind in that
locale had not yet fully reversed (to flow eastward), but
the westward flow had waned. This behavior is con-
sistent with the expectation that the neutral wind will
mimic the ion convection, at least to some extent, but
with a response delayed by 30-60 min.

4.5. 0804 UT

At 0804 UT, 3 hours before magnetic midnight, the
images from Polar, Poker Flat, and Kaktovik indicate
that a large spiral feature had formed in the aurora over
Alaska (lower panel of Plate 2). Compared to 0644 UT,
the aurora had also receded poleward. The channel of
westward neutral flow followed the aurora’s poleward
retreat, so that the westward winds occurred directly
over Poker Flat.

The east-to-west shear of zonal wind with latitude
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that had prevailed above Poker Flat at 0601 UT was
once again visible in the south. Near the northern edge
of the ASI-FPS field of view, the magnetometers con-
tinued to show the eastward convection that was seen
at 0644 UT. The diminished westward neutral wind in
the geomagnetic north suggests that eastward momen-
tum was being transferred from ions to neutrals at these
latitudes.

The assimilated data maps thus indicate that west-
ward wind in the evening sector occurred in a latitudi-
nally confined channel, as has been reported by previous
authors [e.g., Rees et al., 1985; Killeen et al., 1988]. The
large auroral spiral at 0804 UT may have been associ-
ated with the west-to-east plasma convection reversal
seen north of Poker Flat by the magnetometers.

4.6. 0919 UT

By 0919 UT, the ASC and VIS images in the upper
panel of Plate 3 indicated that the brightest discrete au-
roral arcs had moved south of Poker Flat. This transi-
tion is also apparent in Figure 3, where the MSP record
shows that the brightest discrete aurora then remained
continuously south of Poker until ~1215 UT. The equa-
torward auroral expansion placed Poker Flat inside the
auroral oval. Successive ASI-FPS exposures from this
time clearly illustrate the neutral wind response to this
transition.

With the aurora southward of Poker Flat, magne-
tometers to the north began observing stronger east-
ward convection inside the auroral oval. The ASI-FPS
wind field at 0919 UT shows that the wind north of
Poker Flat had also turned eastward, whereas westward
flow continued to prevail far to the south. The result-
ing wind field was highly curved and sheared but in
a sense that was almost a mirror reversal (about the
magnetic meridian) of the flow pattern depicted in the
upper panel of Plate 2 for the conditions at 0601 UT.

4.7. 0932 UT

ASC and VIS images in the middle panel of Plate
3, corresponding to a time of 0932 UT, indicate that
the aurora had brightened considerably during the 13
min since the situation depicted in the upper panel,
although it remained approximately stationary in geo-
graphic location. The eastward ion convection had ad-
vanced equatorward, so that eastward convection was
now occurring well south of Poker Flat. The wind re-
sponse lagged behind that of the ion convection. That
is, while eastward neutral flow did advance equator-
ward noticeably, and west-to-east wind shear became
sharper, the region of eastward wind did not advance
as far as the ion convection had.

4.8. 0946 UT

The lower panel of Plate 3, corresponding to a time of
0946 UT, shows that the aurora remained both bright
and in approximately the same location as in the two
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panels above. While the equatorward edge of the east-
ward ion convection had not moved much, the centroid
latitude of the eastward convection did advance south.
The ASI-FPS data show that while the wind shear front
continued to advance southward, it also continued to
“lag” behind the southward advance of eastward ion
convection. The clockwise wind field curvature that
was apparent in the previous two exposures had be-
gun to weaken significantly by this time, at least for
the portion of the wind field within our field of view.

4.9. 1019 UT

By 1019 UT the ASC and VIS images, shown in the
upper panel of Plate 4, indicate that the main auro-
ral oval still remained south of Poker Flat, as in Plate
3. While there was a bright region in western Canada
near Great Slave Lake, the aurora had faded somewhat
over most of the spacecraft image, compared to 0946
UT. (Although not shown here, we generated an as-
similation map corresponding to 0959 UT, and it also
shows generally fainter aurora prevailed compared to
0946 UT.) The magnetometer chain indicated that east-
ward ion convection now prevailed at virtually all lat-
itudes across interior Alaska, although with a slightly
decreased amplitude relative to the previous few cases.
The shear front in the neutral wind field had continued
its advance equatorward. Now, clockwise curvature was
almost entirely absent from the ASI-FPS field of view,
and eastward neutral flow covered all but its southern-
most edge.

4.10. 1046 UT

The middle panel of Plate 4, corresponding to a time
of 1046 UT, shows the final outcome of the transition
that commenced at just after 0900 UT. The ASC and
VIS images show that the aurora brightened again and
expanded poleward by a few hundred kilometers. The
thermospheric wind was now blowing geomagnetically
eastward throughout the ASI-FPS field of view. Nev-
ertheless, some shear with latitude remained; the flow
speed of ~180 ms™! near the northernmost viewing
zones was approximately double that in the southern-
most zones.

4.11 1303 UT

All of the previous panels in Plates 2-4 have corre-
sponded to times prior to magnetic midnight, which
occurs at ~1120 UT at Poker Flat. The lower panel
of Plate 4, corresponding to a time of 1303 UT, shows
the aurora, inferred convection, and ASI-FPS wind field
~100 min after magnetic midnight. The Kaktovik ASC
had shut down by this time. The Poker Flat ASC and
Polar-VIS images show that the aurora had receded
poleward and once again lay north of Poker Flat. (The
MSP data in Figure 3 indicate the aurora actually re-
ceded poleward ~45 min earlier, at ~1215 UT.) The ion
convection profile shows a “bite-out” in latitudes south
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of Poker Flat. This is probably indicative of a general
poleward movement of the zone of eastward ion drift,
as expected in the postmidnight sector.

Despite bright aurora and a continued strong electro-
jet, the wind field at 1303 UT was relatively uniform.
A slight curvature was evident and perhaps some ac-
celeration of the flow as it passed across our field of
view. However, there were no obvious small-scale flow
features that appeared to be associated either with the
visible aurora or with the ion convection. Further, the
flow direction was now rotated by ~45° with respect
to the auroral oval. This contrasts with the geometries
observed before midnight, when bright aurora in our
field of view tended to be associated with winds blow-
ing roughly parallel to the oval. This rotation away
from the magnetic east-west alignment had occurred as
a smooth transition during the time since magnetic mid-
night. Our database of ASI-FPS wind measurements
shows that the postmidnight wind field over Poker Flat
is often dominated by uniform antisunward flow, as the
cross-polar jet emerges from the polar cap on the night-
side. The cross-polar jet is driven by the solar pressure
gradient and ion-drag forces acting together to acceler-
ate polar cap air parcels antisunward. Apparently, this
large-scale wind feature usually overwhelms any local
coupling effects occurring near Poker Flat after mid-
night.

5. Discussion

Although our assimilation maps are purely quali-
tative, we believe they are nevertheless an extremely
powerful tool for exposing the physical processes cou-
pling the Eartlh’s magnetosphere, ionosphere, and neu-
tral thermosphere. Their usefulness is due not just to
the assimilation of multiple data sources. Of equal im-
portance in this case is that three of the four contribut-
ing experiments resolved their measurements over two
horizontal spatial dimensions, while the fourth resolved
over one spatial dimension. Thus, for example, we are
able here to distinguish between spatial and temporal
variations in the wind field, which would have been im-
possible with just a time series of single-point wind vec-
tor measurements.

In assembling the maps presented here (plus others
for this same night), we were immediately struck by the
consistency between the various data sets. Wind shears
were clearly associated with the aurora and its latitu-
dinal boundaries. When the aurora moved in latitude,
so to did the corresponding shear zones. Further, both
the wind shears and the auroral brightness distribution
correlated well with the ion-drift profile that we inferred
from the electrojet calculation. This latter association
is strongly supportive of ion drag as the mechanism that
establishes the coupling.

This study was in many ways similar to that per-
formed by Killeen et al. [1988]. Those authors used
data from the Dynamics Explorer 1 and 2 satellites to
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assimilate neutral wind vectors, zonal ion drift speeds,
hemispheric-scale auroral images, ion densities, and neu-
tral composition. Many of their major findings are also
supported or complemented by our own results. In par-
ticular, we fully concur with Killeen et al.’s [1988, p.
2680] conclusion that “a strong gradient in sunward flow
speed is located at the equatorward edge of the auroral
oval in the dusk sector and that a weaker gradient, of
opposite sign, is associated with the poleward edge of
the oval.” They also noted [p. 2688] that “there are
significant differences between the locations of bound-
aries in the neutral and ion flows,” and they postulated
that these offsets could arise because of the relatively
long time constants for ion-neutral momentum transfer.
That is, the rapid changes in the ion convection pattern
would lead any corresponding neutral response. Un-
fortunately, the DE 2 satellite orbit prevented it from
observing any single location for an extended period of
time. Thus, Killeen et al. [1988] could not observe the
time evolution of neutral and ion flows to test this hy-
pothesis.

In our case, however, the ground-based instruments
did observe the same region throughout the entire night.
Similarly, the Polar spacecraft orbit allowed for many
hours of continuous images over Alaska. Observations
from 0919 to 1019 UT show that changes in the neutral
wind occurred as a time-lagged response to changes in
ion convection which, in turn, lagged behind changes
in the location of auroral precipitation. During the pe-
riod when the neutral wind appeared to be responding
to changed forcing, we did observe displacements be-
tween neutral and ion flow boundaries, exactly as was
suggested by Killeen et al. [1988].

Our observations clearly show a feature of the dusk-
side neutral wind field that corresponds to “the west-
ward thermospheric jet-stream of the evening auroral
oval” described, for example, by Rees et al. [1985].
However, we did not observe the “typical” speeds of
200-500 ms~! suggested by those authors, let alone the
speeds in excess of 800 ms™! that they observed in ex-
treme cases. Rather, the speeds we observed were more
typically 100-150 ms~!. We consider this to be a con-
sequence of the solar minimum conditions, the winter
season, and the auroral and magnetic conditions pre-
vailing during the hours preceding dusk at our location.
Stronger westward neutral flow can be observed in the
evening at Poker Flat during solar minimum; however,
this usually takes several hours of storm level activity
prior to dusk, to “spin-up” the thermosphere’s high-
latitude duskside circulation cell. Subsequent Poker
Flat ASI-FPS observations during 1998 and 1999 have
shown that dusk sector F region wind speeds of 400-500
ms~! have indeed become more common, as the Fjo.7
index has increased with rising solar activity.

Finally, we believe that our comparison between data
sets was also useful for validating the vector wind fields
inferred from the ASI-FPS. Both the ASI-FPS instru-
ment itself and the analysis procedure used to derive
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vector wind fields are relatively new. We do not have a
second independent technique for F region vector wind
mapping that we could use for direct validation of the
ASI-FPS results. However, the consistency between
these wind fields and other spatially resolved geophysi-
cal data greatly increases our confidence in the ASI-FPS
observations and analysis methods.

6. Conclusions

We have examined the spatial relationships between
the aurora, ionospheric plasma convection, and the F
region wind field, for the night of February 10, 1997.
The major conclusions are as follows. Before mid-
night, geomagnetically westward directed ion convec-
tion drove a latitudinally confined channel of geomag-
netically westward wind, in opposition to the pressure
gradient established by solar heating. The westward
wind channel was bounded by strong latitudinal shear
on both its equatorward and poleward sides. The west-
ward flow channel and shear zones were spatially associ-
ated with auroral boundaries seen in images from both
the Polar spacecraft and the ground-based all-sky cam-
era. The shear zones also correlated well with shear
in the electrojet-inferred F region plasma convection.
The westward wind itself maximized either within the
discrete aurora or near its equatorward edge. Shear on
the equatorward side of the flow maximized within the
diffuse aurora.

On the poleward side, and in the early evening hours,
shear maximized near the poleward edge of the dis-
crete aurora. The shear poleward of the discrete au-
rora marked the transition to antisunward neutral flow
within the polar cap. When the aurora expanded equa-
torward just after 0900 UT, the polar cap neutral flow
followed, as was indicated by the equatorward advance
of the region of eastward wind between 0919 and 1019
UT. The neutral wind response lagged behind that of
the ion convection, in the sense that for a given time
during this transition, eastward ion convection was seen
several hundred kilometers farther equatorward than
eastward neutral flow.

However, as local time progresses from dusk toward
magnetic midnight, the polar cap flow typically encoun-
ters the auroral oval at ever steeper angles, and so
the polar cap flow becomes progressively more likely
to “spill” across the oval and subsequently penetrate
to lower latitudes. Thus the equatorward advance of
the eastward wind did not stop when it “caught-up”
with the equatorward expansion of the auroral oval (at
around 1019 UT). By 1046 UT polar cap neutral flow
covered Alaska, and by 1303 UT the postmidnight wind
field was dominated by the emergence of the cross-polar
jet from the polar cap. This appeared to overwhelm any
wind features associated with local auroral processes.
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