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[1] On 25 March 2003, Horizontal E-Region Experiment (HEX) released trimethyl
aluminum trails from two rockets launched northward from Poker Flat Research Range
near Fairbanks to map the vertical wind field near a stable premidnight auroral arc
system. They deployed three trails of trimethyl aluminum chemical ‘‘puffs,’’ whose
subsequent motion traced the prevailing wind field. This motion was determined using
triangulation from four ground observation sites. Position and speed accuracies were
estimated to be �1 km and a few meters per second, respectively. The first rocket
followed a novel flat trajectory; it released a nearly horizontal trail of length 200 km, at
an average altitude of �145 km. The second rocket was launched 19 min later and
released two trails between 125 and 175 km altitude along a conventional steep trajectory.
All puffs between 130 and 175 km altitude drifted geomagnetic westward, almost exactly
parallel to the aurora. From prior observations and modeling, we had expected to
observe convective upwelling near the arcs. We did not; vertical winds were essentially
downward throughout the horizontal trail, with speeds between 0 and 20 m s�1. Although
an abatement of downward flow was observed �40 km equatorward of the arcs,
these data alone do not establish a causal relationship between the abatement and the arcs.
Vertical speeds of �20 m s�1 are relatively modest. However, because the observed wind
field would entrain air parcels in flow parallel to the arc system, even vertical speeds
around 15 m s�1 could displace individual air parcels by several scale heights if they
occurred all along the arcs.
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1. Introduction

[2] Earth’s atmosphere above 100 km altitude is charac-
terized by very large kinematic viscosity and a strongly
positive vertical temperature gradient, both of which inhibit
vertical mixing and transport-driven perturbations to chem-
ical composition. Nevertheless, numerous studies, both
observational and modeling, show that thermospheric com-
position can indeed be substantially modified following
geomagnetic storms [e.g., Strickland and Thomas, 1976;
Prölss, 1980; Fuller-Rowell, 1984; Rishbeth et al., 1985,
1987; Prölss and Roemer, 1987; Burns et al., 1989a, 1989b;
Fuller-Rowell et al., 1991; Millward et al., 1993; Craven et

al. 1994; Nicholas et al. 1997; Immel et al. 1997; Grossman
et al., 2000]. The observations show depletion of atomic
oxygen above 120-km altitude, which is predicted by the
models to be a consequence of molecular-rich air being
carried aloft by enhanced vertical winds in the auroral zone
during the storm. The Horizontal E-Region Experiment
(HEX) rocket launches were conducted to provide data of
vertical and horizontal wind patterns from the base of the
ionosphere to near 150 km over a wide range of latitudes,
including a quiet auroral arc.
[3] Global images from space show that oxygen deple-

tions originate at auroral latitudes in both hemispheres, and
propagate toward the equator [Nicholas et al., 1997; Strick-
land et al., 1999; Drob et al., 1999; Zhang et al., 2003,
2004]. The images are actually maps of column-integrated
[O]/[N2] ratio, weighted mostly toward upper E and lower F
region altitudes [e.g., Strickland et al., 1995]. In rare cases,
the remote sensed [O]/[N2] field can also show storm-
induced enhancements [Immel et al., 2001]. We note that
[O]/[N2] perturbations presented in the above studies persist
for many hours, and rarely contain strong modulation at
spatial periods less than 500–1000 km. Such lack of spatial
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structure is hardly surprising. [O]/[N2] perturbations are
determined by a time integral over many hours of the
three-dimensional transport history of each air parcel.
Space-based [O]/[N2] imaging is then subject to a further
integral, this time over height.
[4] While the outcome of aurorally driven vertical mixing

is easily observed, little is known about the detailed mor-
phology of the vertical winds that cause this mixing. Much of
what is known about the origin and character of vertical
winds is described in a review by Smith [1998, and references
therein]. Diurnal and semidiurnal solar thermal tides drive
global oscillations of thermospheric vertical wind, with
amplitude �5 m s�1. Superimposed on the tides is a broad
spectrum of disturbances due to in situ forcing and subse-
quent wave propagation. Vertical mixing is a result of these
latter, small-scale, disturbances. Their velocity distribution
has a 1/e half width of a few tens of meters per second, but the
distribution’s ‘‘tails’’ extend out to hundreds of meters per
second [e.g., Conde and Dyson, 1995a].
[5] Although vertical wind disturbances have been mea-

sured in situ by satellites [e.g., Strickland and Thomas,
1976; Spencer et al., 1976, 1982; Johnson et al., 1995; Innis
and Conde, 2001, 2002a, 2002b], such observations are
almost exclusively from the F region or topside ionosphere,
as satellite lifetimes are very short at lower (E region)
altitudes. Statistical studies of in situ satellite data indicate
that the largest vertical wind amplitudes occur in the auroral
zone and polar cap, at least for altitudes above 300 km
[Innis and Conde, 2001, 2002a, 2002b]. It is also known
that large-amplitude disturbances in the vertical wind field
(that would have most impact on composition) are highly
geographically localized [e.g., Rieger, 1974; Spencer et al.,
1976; Larsen and Mikkelsen, 1990]. Recent ground-based
observations of the E region above Alaska contain events
that typically span no more than �100 km in the magnetic
meridional direction. Zonally, there is good coherence
between E region vertical winds measured at two sites
separated by �300 km. However, this is not true in the F
region [Ishii et al., 2004]. Although extensive magnetic
activity is required to produce widespread [O]/[N2] deple-
tions, ground-based observations have shown examples of
significant vertical wind events even during periods of only
modest magnetic activity [Price et al., 1995; Innis et al.,
1997; Ishii et al., 2001].
[6] By far the greatest number of vertical wind measure-

ments from the upper E and lower F regions have to date
been obtained using ground-based optical Fabry-Perot spec-
trometer (FPS) instruments that measure Doppler shifts of
airglow or auroral emissions [e.g., Hernandez, 1982; Rees et
al., 1984; Biondi and Sipler, 1985;Wardill and Jacka, 1986;
Price and Jacka 1991; Crickmore et al., 1991; Crickmore,
1993; Price et al., 1995; Smith and Hernandez, 1995;
Aruliah and Rees, 1995; Conde and Dyson, 1995a; Sipler
et al., 1995; Innis et al., 1996, 1997; Ishii et al., 2001].
Unfortunately, FPS measurements of vertical winds are
subject to several limitations: vertical winds can be mea-
sured only in an atmospheric column directly above the
instrument; no height resolution is possible as results are
averaged over the (often poorly known) emission layer’s
height profile; the required accuracy of a few meters per
second in absolute wind speed is at the limit of the
wavelength calibration and stability of most instruments;

and it has only recently become possible to achieve time
resolutions less than around 5 min.
[7] The FPS technique is thus best suited for measuring

time series of vertical wind above a single location. Such
time series (for example those from references cited above)
generally appear rather noisy, reminiscent for example of
wave heights measured at a fixed location in a choppy sea.
As noted, the observed fluctuations seldom exceed a few
tens of meters per second in amplitude. In the auroral zone,
additional larger disturbances occur as isolated events; Price
et al. [1995] present examples of this.
[8] While FPS observations have revealed the general

character of thermospheric vertical winds, limitations listed
above preclude them from meeting the objective of our
present study: mapping the instantaneous vertical wind field
near an individual auroral arc, to see if it was a source of
upwelling of molecular species.

2. Experimental Method

[9] Because large-amplitude vertical wind events are
localized phenomena, their complete characterization would
require resolving the vertical wind field in all three spatial
dimensions, as well as the temporal evolution of this field.
This has yet to be achieved. With the HEX (horizontal E
region experiment) rocket mission, we introduced a new
technique that can measure variations in the E region
vertical wind field along one horizontal direction, with a
spatial resolution of less than 10 km. It is well established
that E region winds can be measured by tracking the drift of
chemiluminescent clouds of trimethyl aluminum (TMA)
released in the region of interest from a sounding rocket
[e.g., Larsen and Mikkelsen, 1990; Larsen et al., 1989,
1995, 1998; Larsen, 2000]. The TMA clouds are tracked by
triangulation, using images from two or more geographi-
cally separated ground-based cameras. However, a standard
rocket trajectory is a tall and steep parabola; TMA released
along such a trajectory can map altitude variations but not
horizontal structure.
[10] In collaboration with NASA’s Sounding Rocket

Operations Contractors (NSROC), we overcame this limi-
tation in the HEX experiment, by deploying a TMA trail
from a sounding rocket that was traveling along an uncon-
ventional nearly flat trajectory. To do so, NSROC
programmed an onboard attitude control system to reorient
the combined payload and final (third) rocket motor stage to
lie nearly horizontal prior to igniting that stage. The
acceleration vector during the third-stage burn was thus
oriented almost horizontally, which produced a much flatter
than usual final trajectory. In this case, �250 km of the
actual trajectory around apogee was essentially horizontal,
in the sense that the altitude range spanned was only around
half an atmospheric scale height. For this first measurement,
we targeted a simple baseline case with wide applicability –
a stable premidnight discrete arc system that had been
located within the rocket’s target zone for at least 30 min.
[11] The rocket vehicle was a Black Brant X. It was

launched 25 March 2003 at 0950:01 UT, approximately
90 min before magnetic midnight, which occurs at
�11:20 UT at Poker Flat. Its payload released an approx-
imately 250-km-long trail of TMA puffs starting at 146.5 km
altitude, up to apogee at 155 km, and then down to 137 km.
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The on-off and off-on release times were the same, about
3.7 s. Although puffs continued to be released to lower
altitudes, only the tips and tails of the first 12 were
triangulated because of limited optical coverage of the later
releases. This rocket also carried a photometer and a plasma
density probe in its payload.
[12] A second rocket, a Terrier Orion, was launched at

1009:01 UT, along a normal parabolic trajectory. This
rocket was used to map altitude variations of the wind field.
It carried no instruments other than the TMA canisters. The
rocket overperformed relative to its predicted trajectory, so
that apogee was higher than planned, near 215 km. Eight
TMA puffs released on the upleg and nine on the down leg
were triangulated. The puffs released above 175 km dissi-
pated so rapidly that useful triangulation was impossible.

3. Launch Conditions

[13] There were two principal geophysical requirements
for launching the pair of rockets; that is,
[14] 1. A stable discrete auroral arc of at least 2 kR

surface brightness (viewed obliquely from Poker Flat) must
have been present in the ‘‘target zone’’ between 250 and
450 km magnetically north of Poker Flat for at least 30 min.
[15] 2. Good sky viewing conditions were required at two

of the three down range optical observation sites.
[16] The conditions we obtained were near perfect for the

experiment. As it happened, ground-based camera images
from the downrange observing sites showed that the ‘‘arc’’
that the rockets sampled was in fact composed of two
closely spaced parallel arcs, although this was of little
consequence for the overall objectives of the experiment.
The geographic coordinates of points along the lower

Figure 1. All-sky image from the National Institute for
Communication and Technology (Japan) CCD camera at
Poker Flat, tuned to a wavelength of l557.7 nm and
projected onto a geographic map assuming a uniform height
of 110 km. The image was recorded at 0953:23 UT, which
was during the release of the horizontal TMA trail through
the geomagnetically aligned aurora that is seen stretching
across northern Alaska.

Figure 2. Ultraviolet auroral image swath from the GUVI instrument aboard the TIMED satellite,
which passed over western Canada at almost exactly the time of the release of the horizontal trail. This is
a false color RGB image in which the red brightness corresponds to the GUVI oxygen l130.4-nm
channel, green corresponds to the oxygen l135.6-nm channel, and blue corresponds to the molecular
nitrogen Lyman-Birge-Hopfield long-filter channel. The double-arc system visible in northern Alaska is
the one that the horizontal rocket flew through. The Kaktovik all-sky camera indicated that the bright
auroral feature seen to the northeast was a short-lived event, lasting only several minutes during the flight
of the horizontal rocket.
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borders of these two arcs were located in three dimensions
by triangulation of features in the camera images. Results
show that the horizontal rocket’s trajectory intersected the
two arcs near 68.5� and 68.7� geographic latitude.
[17] Figures 1, 2, 3, and 4 show several instrumental

views of the auroral activity at and around the time of

launch. Figure 1 shows a geographic projection of an all-sky
image at 557.7 nm recorded at 0953 UT by the National
Institute for Communication and Technology (NICT), Japan
all sky CCD camera at Poker Flat. The projection assumes
all luminosity originated from a fixed height of 110 km. The
TMA trail was released over the geomagnetically aligned
aurora stretching across northern Alaska. Figure 2 shows an
image swath from the GUVI instrument aboard the TIMED
satellite, which passed over Alaska slightly east of the
rocket trajectories, but at almost the exact time of the
release of the horizontal trail. The double arc system visible
north of Poker Flat is the one the horizontal rocket passed
through. Figure 3 shows the Poker Flat Meridian Scanning
Photometer (MSP) scans at wavelengths of 557.7 and
630.0 nm. The surface brightness of the aurora of interest
was about 5 kR in 557.7 nm and 2 kR in 630.0 nm, for the
‘‘side elevation’’ viewing perspective of Poker Flat. This
aurora would of course have appeared much brighter to a
(hypothetical) observer located in the arcs’ magnetic nadir.
The optical flashes accompanying launch of the horizontal
and vertical rockets can be seen in Figure 3 near times of
0950 and 1009 UT, respectively.
[18] Figure 4 shows the (mean subtracted) H, D, and Z

components of the geomagnetic field over the ten hours
prior to the HEX launches. These data were recorded at Fort
Yukon, which is located between Poker Flat and the
southern end of the horizontal TMA trail. As can be seen,
the largest perturbation was approximately +50 nT, which
occurred in the H component at 0945 UT, just 5 min before
launch of the first rocket. Given the auroral zone location of
Fort Yukon, it is apparent from these data that magnetic
conditions were quiet, and had been so for many hours prior
to the experiment.

4. Wind Analysis by Triangulation of TMA Puffs

[19] Three downrange observation sites were established
to provide low-light optical images for triangulation of the
TMA puffs. The downrange sites were at Toolik Lake,
Alaska, Arctic Village, Alaska, and Old Crow, Yukon
Territory. The GPS positions for these sites are given in
Table 1. Each station had two low-light intensified CCD TV
cameras. Additionally, a similar camera was also operated
from the launch site at Poker Flat. Data were recorded on
videotape and DVD disks.
[20] Figure 5 shows one video frame of the TMA puffs,

as observed from Toolik Lake. The �3.7 s TMA releases
along the rocket trajectory appeared as elongated, diffuse
cylinders. The puffs were very well defined against the
star background, which allowed us to follow the motion of
the front and back edges of each puff with good accuracy.
Each image was integrated for 1 s, and triangulations
performed at 10 s intervals. Geographic positions (latitude,
longitude, and altitude) were derived by triangulation using

Figure 3. Poker Flat meridian scanning photometer scans
at wavelengths of (top) l557.7 nm and (bottom) l630.0 nm.
The angle scale on the y axis runs from 0� at the north
horizon to 90� at the zenith. The recorded brightness of the
aurora that the rockets sampled was about 5 kR at l557.7
and 4 kR at l630.0 nm. This is consistent with the NICT
camera’s l557.7 brightness estimate. The optical flashes
from the first-stage ignitions of the horizontal and vertical
rockets can be seen in the l630.0-nm plot as vertical lines at
0950 and 1009 UT, respectively.

Figure 4. Magnetometer data from Fort Yukon for the
10 hours preceding the HEX TMA releases. Mean values
have been subtracted from each time series. Note the
vertical scales only span ±120 nT in each case, which
indicates that this was a quiet period for an auroral zone
location like Fort Yukon.

Table 1. Optical Observatory Locations

Latitude, deg Longitude, deg Altitude, km

Old Crow 67.570 �139.832 0.240
Toolik Lake 68.627 �149.594 0.730
Arctic Village 68.123 �145.522 0.320
Poker Flat 65.119 �147.433 0.50
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simultaneous TV images from usually four, but sometimes
three and rarely two stations. This analysis was done
interactively on a computer using procedures specifically
developed over 30 years for our chemical release research
program [Stenbaek-Nielsen et al., 1984]. Thus we obtained
two independent positional time series from each puff, from
which the zonal, meridional, and vertical wind components
were derived.
[21] Directional information was derived from the back-

ground star field. Stars from the 259,000-star Smithsonian
Astrophysical Observatory (SAO) catalog were overlaid on
the video images, and parameters of the viewing geometry
were adjusted to match the stars in the image to their
counterparts in the catalog. The match was optimized
separately for each region of the image containing a TMA
puff feature to be analyzed. There are higher-order non-
linearities in the images resulting from a combination of the
lens function, fiber couplings in the intensifier, and the
camera electronics. These nonlinearities are instrumental
and can, in principle, be corrected for. However, we do not
commonly do that when, as is the case here, the images
have a sufficient number and distribution of background
stars to assure accuracy in each region of interest.
[22] With look angles determined from star backgrounds,

an initial 3-D spatial location of a puff feature was estimated
using its altitude and azimuth directions from one designat-
ed ‘‘control’’ site, together with an assumed slant range.
This assumed 3-D position was mapped (as a small red dot)
into the 2-D video images for each observing site. The
assumed slant range from the control site was then varied
interactively by the operator until the resulting 3-D location,
when projected into each camera’s 2-D image, most closely
matched (in the analyst’s judgment) the actual position of
the puff feature in the images from all available sites. The
minimum number of sites for a solution is 2. Usually we
used all four site images, but sometimes because of a
pointing or field of view problem we used three, and very

rarely two. The computer calculations were carried out in
geocentric Cartesian coordinates with station positions
based on the international geoid [Moritz, 1984]. Experience
has shown that human operators are (still) far better than
any existing numerical algorithm for identifying common
features in the puff images, and for assessing the goodness
of fit between the actual images and the 2-D projected
locations of a puff feature’s assumed 3-D position.
[23] Triangulation uncertainty depends on the accuracy of

the star fit and the accuracy with which puff features can be
identified. The video images were digitized at 640 � 480
pixel resolution, and the uncertainty of the fit was generally
of order 1 pixel. With a 40.57� � 29.57� field of view this
corresponded to an uncertainty of order 0.063 degrees. For
a typical range to the trail of 160 km (Arctic Village) and
570 km (Old Crow), this would correspond to 0.17 km and
0.63 km, respectively.
[24] Uncertainty due to identification of features in the

puffs is more difficult to evaluate. The puffs were diffuse,
optically thin TMA clouds and the images represent line-of-
sight integrated brightness. Hence the appearance of the
puffs in the images is aspect sensitive, and the line of sight
to, for example, one end of a puff may not exactly intersect
the line of sight to the supposedly identical feature (as
identified by the operator) in an image from another site.
However, most of the analyzed puffs were well defined;
corrections were easily made using the interactive display
together with the assumption that the puffs are cylinders
along the trajectory. The scatter in the triangulated positions
indicates that the combined positional accuracy for the HEX
data set was �1 km for the majority of the puffs analyzed.
The uppermost puffs from the vertical rocket diffused
rapidly, and corresponding points in the images were more
difficult to establish, which resulted in the larger uncertain-
ties seen in our results for altitudes above �170 km.
[25] Two other sources of measurement error must be

considered in addition to triangulation accuracy. First, the
TMA molecules are much heavier than the mixture of
molecular nitrogen, molecular oxygen, and atomic oxygen
that comprises the ambient atmosphere of the upper E
region. TMA therefore settles under gravity, at a terminal
velocity that is limited by collisions with the background
atmosphere. While we do not have an experimental deter-
mination of the TMA molecule’s cross section for momen-
tum transfer collisions with O2 and N2, it is certain to be
greater than that of atomic oxygen, whose hard sphere cross
section of 5 � 10�15 cm2 can be used to estimate an upper
limit for the fall rate. Applying this cross section and an
MSIS model atmosphere to the method of Rieger [1974]
shows that even at 160-km altitude the TMA sedimentation
rate is less than 1 m s�1. Thus we do not believe that our
observation of predominantly downward TMA drift was
due to gravitational settling.
[26] The second issue is that the mean velocity of the

TMA molecules when they are released is approximately
that of the rocket. Momentum transfer collisions eventually
reduce their mean velocity to that of the ambient atmo-
sphere, however above �170 km altitude, the time constant
for this adjustment becomes significant (i.e., several sec-
onds and increasing with additional height.) Therefore, for
altitudes above 170 km, we discarded the first 5–15 s of
video images of a puff immediately after its release. At

Figure 5. Video frame showing an image of the puffed
horizontal trail from Toolik Lake at 0954:35 UT, 73 s after
the release of the first puff. After the stars have been fitted
to the area of interest for the different stations, the latitude,
longitude, and altitude of a selected point can then be
computed and stored.
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these altitudes the diffusion rate is rapid, again because of
the reduced rate of collisions. Diffusion thus limited the
upper altitude at which useful triangulations could be
performed, to about �185 km in this experiment.
[27] The zonal, meridional, and vertical wind components

were derived from least squares linear fits of the puff’s
triangulated longitude, latitude and altitude versus time. The
slopes of these fits, scaled into units of meters per second,
gave the three required wind components, along with
estimates of uncertainties. An example of this procedure
appears in Figure 6, in this case using triangulated altitudes
for the start of the third puff released by the horizontal
rocket. Wind estimates were derived from linear fits of
position versus time spanning the entire set of observations
for each TMA puff; no attempt was made to resolve time
variations within these observations.

5. Results

[28] Figures 7, 8, and 9 present the wind results obtained
from the two rockets. Horizontal vector velocities, derived
from the drifts of the puffs, were aligned almost precisely in
the geomagnetic westward direction, as shown in Figure 7.
The highest speeds were �250 m s�1, at the southern end of
the horizontal trail and up to apogee. The downleg portion
of the second rocket’s trail overlapped the same region, and
yielded similar velocities in the same altitude range. This
demonstrates that the velocity in that region was persistent
for at least 25 min. The velocity near the two auroral arcs
was lower, about 125 m s�1, but in the same geomagnetic
direction, and again parallel to the arcs.

[29] Figure 8 shows a side view of the vector wind
components for both the H and V rocket trails in a magnetic
meridian plane. The two vertical lines indicate the lower-
border locations of the two auroral arcs. Note that the
wind’s vertical component was primarily directed down-
ward. Figure 9 shows calculated wind velocity components
(and uncertainties) versus geographic latitude for the H trail.
In the vicinity of the auroral arc we observed a shear in
the horizontal wind field. The shear was largest just south of
the arc. Although the vertical wind was downward along the
entire trajectory, with the exception of the furthest northern
end, the downward speed was smallest in the region just
south of the arc, coincident with the largest shear in the
horizontal wind field.

6. Discussion

[30] Solar heating drives upper thermospheric tides that
are predominantly diurnal at high latitudes [Dickinson et al.,

Figure 6. Triangulated altitude versus time since launch
for the start of the third TMA puff released by the horizontal
rocket. Squares show the triangulated altitudes. The solid
line is a least squares linear fit. Downward drift with time is
apparent. The slope of the fit, which we use as our wind
estimate, was �20.4 ± 1.3 m s�1. The scatter of points about
the fitted line is consistent with our estimated uncertainty of
�1 km in the puff positions determined by triangulation.

Figure 7. Geographic map showing all horizontal wind
vectors derived from the HEX TMA releases. The smooth
black curves show the ground projection of the rocket
trajectories. The wavy black line at the top right shows
Alaska’s north coast. Note the azimuth change in the
horizontal rocket’s trajectory. This is due to the rocket’s
modified orientation during third-stage burn. The locations
of the two stable auroral arcs are shown by the dotted lines
running geomagnetically east-west. Altitude is shown by
color, as indicated by the scale bar. The horizontal motion
was along lines of constant geomagnetic latitude, except for
the lower part of the vertical upleg trail, where obvious
shear motion can be seen between latitudes 65.6� and 65.8�.
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