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Abstract

Passive ground-based optical techniques have been used for over 15 years to study the effects of auroral energy

deposition on the composition of the lower thermosphere. These techniques typically involve measuring bright auroral

emissions that depend on the number density of atomic oxygen [O] and molecular nitrogen [N2] as well as the energy flux

and energy spectrum of the precipitating auroral particles. Here we review the application of these techniques to the

composition problem. In particular, we present data obtained from photometric observations in Alaska and Greenland in

the 1980s and 1990s. While some of these results are available in the existing literature, some are new and have not been

presented before. Recent results from Alaska obtained in support of the TIMED satellite are also presented. The data as a

whole suggest that the ratio of column integrated [O] to [N2] above a given site decreases as the total energy fluence from

both auroral particle and Joule heating increases. However, the dependence is complicated by effects such as the prior

history of disturbance and by horizontal transport due to neutral winds; it is not yet determined if composition responds

linearly to energy fluence even in an average sense.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

One poorly addressed problem in aeronomy is
how to quantify the effects of auroral energy input
upon local thermospheric composition, especially in
the region between 100 and 200 km altitude.
Existing satellite mass spectrometer measurements
do give a global statistical picture of these effects
above approximately 150 km. These data form the
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basis for the empirical Mass Spectrometer and
Incoherent Scatter (MSIS) models (e.g. Hedin,
1983). Using boundary conditions, these models
extend predictions of composition down below
100 km. However, by their very nature the MSIS
model predictions are only representative of large
spatial and long temporal scales. For example, the
shortest time scale in MSIS is dictated by 3 h ap
values used to derive the model. The use of ap is
itself a global parameter, which can obscure the
local input of auroral energy that can occur during a
1–2 h auroral substorm.
.
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As Christensen et al. (1997) have pointed out, the
qualitative effects of auroral energy input have been
known for a long time. Energy is deposited into the
atmosphere due to dissipation of electric currents,
known as Joule heating, and due to the dissipation
of kinetic energy from precipitating particles. These
energy losses cause circulation cells to form, vertical
winds to increase in the vicinity of the heating, and
subsequent uplifting of air parcels containing
relatively little atomic oxygen. At a given altitude
above the heating this results in a reduction of the
ratio of light molecular weight species to heavy
molecular weight species (e.g., Hays et al., 1973;
Mayr and Volland, 1973; Fuller-Rowell, 1985).
Certainly, for large geomagnetic storms and at
altitudes above 150 km, such effects are found in the
predictions of the MSIS models. Similar effects
should also be seen on a more local scale during and
after auroral substorms. Deposition of auroral
energy should drive vertical circulation resulting in
changes in atmospheric composition.

While disturbed composition first occurs above
the heated regions, strong winds in the auroral zone
can transport it both zonally and equatorward to
midlatitudes. Under the right conditions atomic
oxygen depleted patches can span tens of degrees in
both latitude and longitude. Downwelling at lower
latitudes, however, can also produce the opposite
effect (Burns et al., 1995). Examples of papers
addressing these problems through the use of global
circulation modeling efforts are Burns et al. (1991,
1995) and Fuller-Rowell et al. (1994, 1996). Global
satellite measurements have confirmed that particle
and Joule heating during geomagnetic substorms
can produce significant upwelling of air from the
lower thermosphere, leading to depletions in the
column density of atomic oxygen over large
geographical regions outside auroral regions. These
have been seen by the DE-1 FUV imager (e.g.,
Craven et al. (1994), Nicholas et al. (1997), Immel
et al. (1997), Strickland et al. (1999), and Drob et al.
(1999)).

The recent Thermosphere Ionosphere Meso-
sphere Energetics and Dynamics (TIMED) satellite
mission attempts to measure the basic state of the
Mesosphere and Lower Thermosphere (MLT)
globally, and especially in the region below 150 km
(Christensen et al., 2003). The data obtained by
TIMED instruments determine, globally, the circu-
lation pattern in the MLT region as well as
composition and electrical conductivities. Thus,
TIMED data address the problem of how large
inputs of energy into the atmosphere via particle
input and Joule heating affect the global MLT
atmospheric composition globally. There are
two limitations, however, with the TIMED ap-
proach. One is the current inability to obtain lower
thermospheric composition data in the nightside
auroral zone, the region where large auroral
energy deposition occurs. This capability does exist
with the Global Ultraviolet Imager (GUVI) instru-
ment but is not currently part of the GUVI plan
and if it is utilized, that mode will need validation.
The second problem, inherent in any low-
altitude remote sensing satellite is that the TIMED
measurements for a given geographic location are
only a brief snapshot of what is often a dynamic
situation.

Over the past 15 years a number of techniques
have been applied to measure atmospheric compo-
sition changes in the lower thermosphere due to
auroral precipitation. Some of these involve rock-
etborne optical measurements (Hecht et al., 1995;
Strickland et al., 2000) which are of course
impractical for long duration monitoring experi-
ments. Ground-based passive optical techniques
offer the possibility of more continuous monitoring
of the effects of auroral precipitation on composi-
tion change in the lower thermosphere, and at much
lower cost.

Strickland et al. (1989) developed a ground-based
technique where, by measuring the brightness of
three auroral optical emissions, three important
aeronomic parameters could be determined. The
first of these is the total energy flux, Q, which has
units of mWm�2. The second, E0, has units of keV
and is the characteristic energy of either a Maxwel-
lian or Gaussian electron energy distribution. The
third, fO, is a dimensionless scaling factor that
multiplies the entire atomic oxygen profile of a given
model atmosphere and thus, as discussed below,
gives a measure of the perturbation of the ratio of
the number density of atomic oxygen [O] integrated
over the entire column to the number density of
molecular nitrogen [N2] also integrated over the
entire column. Since auroral energy deposition
altitudes are often in the 100–200 km altitude
region, this technique provides a way of monitoring
composition change, specifically, [O]/[N2] in the
lower thermosphere (Strickland et al., 1989; Hecht
et al., 1989). This paper will review the use of
this technique and its past and current usefulness
in studying composition change due to auroral
precipitation.
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2. Experimental technique

2.1. Background

In the initial approach advocated by Strickland
et al. (1989) three emission brightnesses were to be
monitored in the direction of the magnetic zenith;
the permitted N2

+ (427.8 nm) first negative group
(1NG) 0,1 molecular band emission also referred to
as the blue emission, the forbidden OI (630.0 nm)
atomic oxygen emission line also referred to as the
red emission, and the permitted OI (844.6 nm)
atomic oxygen emission line also referred to as the
844.6 emission. An alternative to the latter was to
measure the spectral lineshape of the permitted OI
(777.4 nm) emission. This had to be measured with a
Fabry–Perot interferometer with significant integra-
tion time (minutes) as opposed to the other three
emissions, which could be measured with photo-
meters with integration times of seconds (Hecht
et al, 1989). Thus, while reference will be made to
the OI (777.4 nm) measurements, this review will
concentrate on the strengths and weaknesses of the
photometer approach which is a candidate for
implementation at future passive optical auroral
observatories.

The blue emission originates mainly in the lower
thermosphere between 100 and 200 km. Its bright-
ness, measured in a narrow-field centered on the
magnetic zenith, can be used to infer the particle
energy flux, Q, provided that an estimate is also
available of the characteristic energy of the pre-
cipitating auroral particles. The red emission is
severely quenched below 200 km; it was thus
proposed that a ratio of the red to blue emissions
could be used as an indicator of E0 (e.g., Rees and
Luckey, 1974). However, the red emission does
depend somewhat on [O] (albeit above 200 km)
while the blue emission depends on [N2] (albeit
much below 200 km) and thus this ratio is not
entirely independent of composition. Like the blue,
the 844.6 emission also originates mainly from the
lower thermosphere, but depends mostly on [O].
Thus the Strickland et al. (1989) approach was to
plot the ratio of red/blue to 844.6/blue (or in its
original form the narrow component of the OI
(777.4 nm) emission to blue) to obtain not only E0,
but also a measure of the composition parameter fO.
Fig. 1 shows a typical plot of red/blue vs. 844.6/blue
with curves for E0 and fO indicated. The model is
the generic moderate activity atmosphere used for
GUVI analysis of data obtained over Poker Flat,
Alaska (D. Strickland, private communication,
2004). The Strickland et al. (1989) calculations,
which use an electron transport model and full
chemistry, also suggest that even though the red
emission does depend on [O], it is less sensitive than
the 844.6 emission. This technique therefore offers a
method for probing atmospheric composition
change between 100 and 200 km. Despite the
promise, this new method for probing this region
of the atmosphere does not enjoy extensive use.

There are three potential problems with this
approach. Gattinger et al. (1991) addressed the first
of these, namely, atmospheric scattering effects that
can be large under certain adverse conditions. They
noted that as much light is scattered into as out of
the field-of-view where the sky is uniformly covered
by aurora (diffuse aurora) but that other geometries
were more difficult to analyze. Using a set of well-
calibrated data taken at the incoherent radar site
located at Sondre Stromfjord, Greenland, they
showed that by measuring two molecular nitrogen
emissions well separated in wavelength, such as the
blue and the N2 first positive group (1PG) 2,1 band
at 871.0 nm (hereafter also referred to as 871.0),
several important characteristics of scattering could
be accounted for since the ratio of these two
emissions should, except during highly energetic
aurora, stay constant. Using this blue/871.0 ratio, it
became possible to identify: (1) periods of uniform
diffuse aurora, where the ratio should be its nominal
model value; (2) periods where bright aurora occur
over the field of view, where the blue/871.0 ratio
should be below its nominal value because more
blue than 871.0 emission is scattered out of the field
of view; and (3) periods where bright structured
aurora are just outside the field of view, where the
ratio increases above the nominal value because
more blue than 871.0 is scattered into the field of
view. When non-nominal blue/871.0 ratios are
encountered blue and red are corrected following
the model procedure outlined in Hecht et al. (1999).
The 844.6 emission is not corrected as it is assumed
to scatter similar to 871.0. Thus one can use the
blue/871.0 ratio to both identify periods where
atmospheric scattering effects are important and, in
principle, to correct for them.

Second, OI (844.6 nm) has an additional excita-
tion mechanism, electron impact on O2. While this
is small compared to the electron impact on O
excitation, it might distort the results under
certain conditions. For this reason much of the
early analysis in the Hecht et al. (1989) paper
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Fig. 1. A plot of the red/blue vs. 844.6/blue ratio as a function of E0 and fO for an MSIS-90 atmosphere (Ap of 30, F10.7 of 180 over Poker

Flat, Alaska near local midnight). Characteristic energies (E0), shown at the base of each dotted line, refer to electron precipitation

characterized by Gaussian energy distributions with high and low energy tails (Strickland et al., 1993).
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concentrated on measurement of the so-called
narrow component of the OI (777.4 nm) emission,
which is excited by electron impact on oxygen
atoms, to form the ratio of OI (777.4 nm) to blue.
Unlike OI (844.6 nm), which can be measured with a
photometer, the lineshape of OI (777.4 nm) must be
measured with a Fabry–Perot interferometer. This
is because the atomic oxygen excited component,
which may be only a small fraction of the total
emission, can only be separated from the molecular
oxygen excited component by measuring the line-
shape as shown in Hecht et al. (1985). However,
data taken during the great magnetic storm of 1986
(Hecht et al., 1991) showed good agreement
between results using photometric measurements
of OI (844.6 nm) and the Fabry–Perot measure-
ments using OI (777.4 nm). Theoretically, unless the
atmosphere is highly depleted in O relative to
ambient conditions, about 80–90% of the OI
(844.6 nm) emission typically arises from the atomic
oxygen excitation. As the percentage decreases,
however, because of strong O depletion during very
large storms (Ap above 100), the technique may
underestimate the depletion due to the excess OI
(844.6 nm) emission from dissociative excitation of
O2 unless this process is taken into account. The
auroral emission ratio plots such as Fig. 1 do in fact
include this dissociative emission component
although it is generally small (less than 25% of the
total even when E0 is 10 keV) compared to the O
excited component. But it should be noted that the
dissociative emission component is tied to the O2/N2

density ratio, and that this ratio does exhibit
some degree of variation under changing solar and
geomagnetic conditions based on the various
versions of the MSIS model. In spite of this
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complication, it is anticipated that whatever model
atmosphere is selected for constructing auroral
emission ratio plots, this emission component is
adequately accounted for within the overall error
budget associated with the derivation of E0 and fO.
Because of the ease of making photometric OI
(844.6 nm) measurements, this is the method of
choice for automated continuous measurements.

Third, there was some uncertainty at the time of
the 1989 work regarding details of the red line
chemistry. While this was addressed in a companion
paper by Meier et al. (1989), it was felt that initial
measurements of atmospheric composition change
should not be burdened by additional uncertainties
of excitation mechanisms. Thus, the first application
of the technique actually did not use the red/blue
ratio but rather obtained E0 from simultaneous
incoherent scatter radar measurements at Sondre
Stromfjord (Kangerlussaq), Greenland and then
used 844.6 to blue to obtain fO (e.g. Niciejewski
et al., 1989; Hecht et al., 1991). However, in both of
these studies, the red/blue data seemed to be in
agreement with the Strickland model predictions.
More significantly, during the atmospheric response
in aurora 1 (ARIA 1) rocket campaign at Poker
Flat, Alaska (Anderson et al., 1995) the E0 derived
during a stable diffuse aurora using the red/blue
versus 844.6/blue technique agreed with the in situ
rocket measurements made by an onboard electron
spectrometer (Hecht et al., 1995). The ground-based
result for fO, derived using the ground-based red/
blue versus 844.6/blue technique, was about 10%
higher than the fO derived using the in situ rocket
measurements for E0 and 844.6/blue. A more
convincing study was done by Hecht et al. (1999)
who compared the E0s derived from ISR data at
Kangerlussaq with the E0s inferred from the four
photometer emission techniques (blue, red, 844.6,
and 871.0) and found good agreement. More recent
comparisons and potential problems will be dis-
cussed at the end of this review.

Alternative ground-based techniques exist to the
purely photometric technique described above
especially for measuring E0. Any auroral emission
will have an average temperature that depends on
E0. This has long been known (e. g. Vallance Jones,
1974) and has been exploited in the literature mainly
with respect to the rotational temperature of the
blue emission (see e.g., Vallance Jones et al., 1987;
Niciejewski et al., 1989; Gattinger et al., 1991). Of
particular interest is the work of Sivjee and
colleagues (see for example Sivjee and Shen, 1997;
Sivjee et al., 1999) who have exploited this method
for a number of interesting studies. They use
spectrometer measurements which measure a num-
ber of N2, O2, and atomic species to derive E0 and
fO. Because modern CCD-based spectrometers can
be fast, auroral spectra can be obtained in a few
tens of seconds at adequate resolution to measure
the bright auroral species needed in the Strickland
technique. Thus, this should be considered as an
alternative to the photometric technique although
the latter may be somewhat cheaper, more robust,
and also provide information about scattering
due to clouds which is important for automated
operation.

Another variation on this is the Scanning
Doppler Imaging Fabry–Perot developed at Poker
Flat Observatory, Alaska (Conde and Smith, 1998).
This instrument measures the line profile of the OI
(557.7 nm) green line which allows an inference of
E0 from the measured temperature (M. Conde,
private communication, 2004). A great advantage of
this is that it provides temperatures over the whole
sky. In practice, this instrument also provides
information on horizontal spatial characteristics of
electron precipitation. An example of the depen-
dence of E0 on the measured OI (557.7 nm)
temperature using the Strickland et al. (1989) model
is shown in Fig. 2. The use of this technique will also
be described later.

2.2. Instrumentation

Here we briefly describe a typical photometric
system developed at The Aerospace Corporation
and the technique which these instruments use to
determine the three desired parameters, Q, E0,
and fO.

The photometer has four channels as previously
discussed: N2

+ (427.8 nm; ‘‘blue’’), OI (630.0 nm;
‘‘red’’), OI (844.6 nm; ‘‘844.6’’), and N2 (871.0 nm).
All four filters have bandwidths of between 1 and
2 nm full-width at half-maximum and are typically
sampled every 10 s, and the integration time on each
filter is typically about 1 s. The photometers look up
the local magnetic zenith and the instrument runs
automatically from dusk to dawn. A version of this
system, at a single site, provided data that were used
by Christensen et al. (1997).

All emissions are corrected for backgrounds by
subtracting emissions measured during periods of
no aurora. Since sometimes auroral emissions
continuously occur, fixed backgrounds of less than
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Fig. 2. A plot of the effective temperature of the OI (557.7 nm) as

a function of E0 using the generic GUVI MSIS-90 model

atmosphere described in Fig. 1.
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100Ry are subtracted in those cases. These back-
grounds are derived from previous measurements.
To make sure that background variations do not
add significantly to the uncertainty in the derived
results, most of the analysis is restricted to periods
of bright aurora where the brightness of the blue
emission is above 400Ry. The 871.0/blue ratio is
used to correct for atmospheric scattering as
described above, and a plot of red/blue versus
8446/blue is used to derive E0 and fO. An fO of 1
indicates no composition change while a factor less
than 1 indicates depletion, compared to the model,
of atomic oxygen density relative to molecular
nitrogen (see below). The blue data can be used to
infer Q. It is worth repeating that the 871.0/blue
ratio provides a quantitative measure for both
correcting for atmospheric scattering and also
determining if the sky conditions are adequate for
data analysis. For example, as was done in
Gattinger et al. (1991), data can be rejected when
the ratio becomes too high or too low indicating the
presence of very cloudy conditions.

These systems were deployed in Greenland during
the 1997–98 winter and in Alaska during January of
1999, and in Alaska from early 2002 to the present.
They run continuously and autonomously from
dusk to dawn. The data can be retrieved remotely
over the internet or via modem. The systems are
indoors looking through domes which are warmed
by a flow of air and thus kept clear.
Since one use of these data is to compare
measured composition changes with auroral energy
input, we use a simple standard procedure to
approximate the auroral forcing. For particle
heating we use the measured Q from our photo-
meter data. For the Joule heating input we use the
Delta H component from a magnetometer, the
change of the H component from nominally non-
auroral conditions, to indicate Joule heating
(Duboin and Kamide, 1984). The value of (Delta
H)2 in units of (nT)2 can be used, when multiplied by
a constant, taken as 0.8� 10�4mJ/(m2 s) to estimate
the Joule heating rate (Hecht et al., 2000), although
this approximation may be inaccurate on occasion
due to neutral winds (Thayer, 1998). The total
energy input is the sum of these two.

2.3. Uncertainties

There are a number of reasons why the derived
results may be uncertain and here they are briefly
described.

First, there are uncertainties in the calibration of
the photometers. Hecht et al. (1999) discussed these
and estimated that Q could be uncertain by as much
as 25% because it is derived from measurements
that depend on absolute calibration. The other two
parameters, fO and E0, depend on auroral brightness
ratios for which these uncertainties are reduced due to
cancellation of terms contributing equally to each
channel. Thus, the uncertainties in the brightness
ratios typically result in uncertainties on the order of
10%, less than those for an absolute calibration.

Second, are errors in the model. These include
many of the assumptions discussed in Hecht
et al. (1989, 1991). These include cross-sections
and assumptions about the shape of the energy
spectrum.

Based on comparisons such as were shown in
Hecht et al. (1999), some recent unpublished
comparisons between ground- and satellite-derived
results, and some of the comparisons presented
here, we estimate that the total uncertainty in
absolute fO and E0 including calibration and model
errors is typically less than 30%, and often better
than 10%.

Nevertheless calibration errors can occur or
develop slowly in automated photometric systems.
One such cause might be the slow aging of the
filters. Those that cause the brightness ratios to be
uncertain, in an absolute sense, by 25% can cause
errors in E0 of up to 50% as will be shown.
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However, with the exception of specific uncertain-
ties with respect to the use of the red line, which will
be further addressed later, relative uncertainties
should be on the order of 10% or less in the derived
quantities.

Finally, there is the problem associated with
choosing a model atmosphere. This is associated
with the actual physical meaning of the fO
parameter, discussed in detail in Hecht et al.
(1989, 1991). The use of fO has always been
additionally obscured by the fact that its physical
interpretation is tied to the model atmosphere used
in the analysis. For example, the specific MSIS
atmosphere during a large geomagnetic storm, say
an Ap of 100, may correctly reflect the real atmo-
sphere and thus, the Strickland technique for
analyzing the optical data will result in derived fO
values near 1. However, analyzing the same data
with an MSIS atmosphere appropriate to a geo-
magnetically quiet period, such as the model used in
Fig. 1, may result in derived fO values near 0.4 since
the real atmosphere is disturbed compared to the
assumed atmosphere. A better way of approaching
this is to follow Strickland et al. (1995, 2004) who
addressed the problem of determining [O]/[N2] from
satellite ultraviolet dayglow data. Since [O]/[N2]
changed as a function of pressure level they
suggested an alternative parameter to fO. Specifi-
cally, they picked an arbitrary reference integrated
column N2 of 1017 cm�2. For a given model atmo-
sphere they found the altitude at which that
occurred and then integrated the [O]. They then
took the ratio of the integrated O to 1017. They
designated this O/N2 ratio as that which occurs
when fO is 1. The O/N2 then scales linearly with fO.
Therefore, the O/N2 parameter can be used in place
of fO in the Strickland analysis of auroral emissions.
The advantage is that results from different model
atmospheres can be compared directly. In the
example above an fO of 1 in the disturbed (Ap of
100) MSIS model may be equivalent to an O/N2 of
0.5 while for an undisturbed MSIS (Ap of 30) an fO
of 1 is equivalent to an O/N2 of 1.1. The analysis of
the data using the latter MSIS results in derived fO
of 0.4 or derived O/N2 of 0.44. Thus, it is much
easier using O/N2 to see how the choice of the model
atmosphere affects the results. (While the results in
this paper are quoted using fO given that this has
been done historically, it is anticipated that future
comparisons, especially with GUVI, will use O/N2

as the composition parameter.) In practice it is
found that changes of 15% or so occur in fO and E0
if an undisturbed, as opposed to the disturbed MSIS
model is used during large geomagnetic storms (D.
Strickland, private communication, 2004).

3. Results

We present results from four periods to give
examples of what can be obtained from this
approach and also to illustrate some of the out-
standing questions, which arise from the relation-
ship of composition change to Joule heating. Two of
these examples have previously been reported and
we summarize those results.

3.1. Poker Flat 1994 (Christensen et al., 1997)

During the second Atmospheric Response in
Aurora (ARIA 2) campaign out of Poker Flat,
Alaska, the four-channel photometer system ob-
tained the data on February 13, 1994 shown in
Fig. 3. The top panel shows an example where fO
first decreased by nearly a factor of two, from its
pre-storm value, within about 20min of a moderate
auroral substorm heating event. The fO value took
about 2.5 h to recover to its pre-substorm value. At
that point another auroral substorm heating event
occurred and fO decreased again. The data-taking
ended before the final amount of decrease could be
determined, although the decrease that was mea-
sured was about half of that in the first substorm.
The bottom figure shows the heating rate (energy
flux) from both particles and Joule dissipation. The
energy fluence, found by integrating the heating rate
over the duration of the substorm, is shown between
the brackets. It was 190 J/m2 during the first
substorm and 150 J/m2 for the second substorm.
In these substorm events the energy fluence due to
Joule dissipation was over half the total. Christen-
sen et al. (1997) discussed these data and compared
them with the predictions of the Sun et al. (1995)
general circulation model. They argued that because
of the rapid decrease in fO and the inability of
models to reproduce the magnitude of the effect, the
composition changes were due to a yet unknown
mechanism. They found that the model under-
predicted the composition changes by an order of
magnitude.

3.2. Greenland, 1998 (Hecht et al., 2000)

In January 1998 two identical auroral photometers
were placed at Kangerlussuaq (671N geographic
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Fig. 3. Top: fO time series derived from the photometric data

obtained on February 13, 1994. Bottom: the corresponding total

heating rate that includes both Joule and particle heating. See text

for meaning of numbers within bottom panel.
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latitude, 741N geomagnetic latitude) just above the
arctic circle in Greenland, and at Narsarsuaq (611N
geographic latitude, 701N geomagnetic latitude) near
the southern tip of Greenland. They are separated by
over 700km. Data were obtained from 2200UT on
January 29, 1998 to 1000UT on January 30, 1998.
The analysis also included data from the Greenland
chain of magnetometers, the CANOPUS chain of
magnetometers, the Kangerlussuaq radar data, the
visible imager on a DMSP satellite, and the PIXIE X-
ray instrument (Imhof et al., 1995) on the POLAR
satellite. This was the first time that photometric
observations of this type were made from two sites
simultaneously, and Fig. 4 shows an interesting
temporal development of fO.

At Kangerlussuaq, after 2300UT, a burst of
auroral activity occurred with peak energy deposi-
tion rates of 41mJ/m2 s. The Joule heating rates of
between 5 and 30mJ/m2 s, derived from the
magnetometer data, compare favorably with those
derived from the radar data. The total energy
fluence for this event is about 1/4 of that found in
Christensen et al. (1997) for the Poker Flat 1994
event which caused a factor of two decrease in fO.
Here the average fO is about 1.0 with variations of
20% during the event.

During this time period at Narsarsuaq, the energy
deposition rates were generally lower, about
10–20mJ/m2 s, although because the heating
occurred over a longer period the energy fluence
was similar to what was found at Kangerlussuaq.
However, similar to what was at Poker Flat in 1994,
there was a decrease in fO after the beginning of the
event and then a recovery after the event. The
average fO during the event was 0.87.

Around 0030–0100UT there was a stronger event
around Kangerlussuaq with little activity at Nar-
sarsuaq, consistent with the inferences from the
radar data that the Joule heating was centered at or
to the north of Kangerlussuaq. The Joule heating
rates from the magnetometers were again consistent
with the radar results. The fO results resembled
those seen at Narsarsuaq during the first event; a
decline in fO at the beginning and a recovery at the
end of the event. The average fO was about 10%
lower than was found in the first event.

The third event occurred between 0200 and
0400UT. The average fO at Narsarsuaq was 0.78
while at Kangerlussuaq two separate bursts of
energetic particles gave average fO values of 0.96
and 0.88. To summarize, for the period before
0400UT the average fO declined about 10%
although the auroral energy did cause local changes
in fO of around 30%.

Next we look at the results just from Narsarsuaq
after 0400UT. After about 0430UT there was
almost continuous Joule and particle heating. In
the period from 0400 to 0630UT there was an
energy fluence of 96 J/m2. Before the heating
increase began, the fO values were around 0.7,
lower than almost any time prior to this. After the
heating increase around 0500UT, there was a
continuous decrease in fO to values below 0.6. As
the heating subsided after 0600UT the fO began to
increase again. However, around 0700UT the Joule
heating increased and fO rapidly decreased to
values around 0.4. Between 0630 and 0830 the
energy fluence was 88 J/m2 and for the period
around 0800UT the average fO was around 0.37.
Because of the large amounts of auroral energy
deposited, these data taken alone seem to be quite
consistent with a picture of local depletion of atomic
oxygen as discussed above. This is supported by the
observations that rapid decreases in fO are asso-
ciated with the onset of Joule and/or particle
heating events.
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Fig. 4. Time-series plots of the atomic oxygen scaling factor, fO, and the total heating rate from two sites in Greenland.
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However, this picture becomes less clear when
simultaneous Kangerlussuaq data are considered.
For the period from 0400 to 0700UT there was
almost no energy deposited. Yet the fO values were
about 0.65, almost 1/3 less than was found earlier in
the night. After 0730UT there was a large increase
in Joule heating accompanied by a decrease in fO.
While the decrease may have been due to this local
heating event, the average value for fO of about 0.55
is much less than earlier in the night.
While some of these results can partially be
explained by the rapid depletions being caused by
local heating, such a mechanism cannot explain all
the data, especially the Kangerlussuaq data after
0400UT. An explanation for those results is most
probably atomic oxygen depleted air being blown
over western Greenland. Auroral activity was
centered in Canada, west of Greenland for most
of the period from 0400 to 0800UT. If the winds
were blowing towards the east then Greenland
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would be receiving O-depleted air. However, given
nominal wind velocities of 50m/s and a time scale of
about 2 h between the onset of auroral activity to
the west of Kangerlussuaq and the observed
decreased fO around 0600UT, the depleted air was
formed somewhat closer to Kangerlussuaq and thus
may still be due to local processes as discussed by
Christensen et al. (1997). Nevertheless, these results
do show the necessity of considering non-local and
local sources in modeling aurorally induced changes
in lower thermospheric composition.

3.3. Alaska 1999

These data have not previously been reported in
the literature. During the Coupling of Dynamics
Fig. 5. Plots of fO, (row a) average energy (row b), heating rate (row c),

and Poker Flat (right) on January 14, 1999.
and Aurora (CODA) rocket experiment, launched
from Poker Flat Alaska on January 22 1999,
ground-based photometer systems were deployed
at two Alaska sites, Poker Flat (65.7N, 147.4W),
and Fort Yukon (66.6N, 145.3W) which are
separated by a little over 100 km. Data were
obtained over six nights and Fig. 5 shows results
from Fort Yukon (FY column) and Poker Flat (PK
column) on January 14th, a night of high auroral
activity. Row (a), at the top, shows the derived fO
values along with a solid curve for an MSIS O/N2

ratio. The latter ratio is formed by simply dividing
[O] and [N2] at 120 km altitude from the MSIS
model for January 14th. The ratio curve is normal-
ized to its value at 120 km on January 8, during a
period of low auroral activity at 0900UT.
and energy fluence (row d) derived from data at Fort Yukon (left)
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This curve allows one to see what magnitude
depletions MSIS is predicting due to the observed
auroral activity. Row (b) shows the average energy,
E, which can be derived from E0. The value of E is
twice E0 if a Maxwellian distribution is used but
equal to E0 if a Gaussian is used. Photometer data
were only analyzed when the Blue brightness was
greater than 300 Rayleighs (R) (approximately
1.5mJ/m2-s). Row (c) shows the heating rate
(Joule+particle) in mJ/m2-s. Row (d) shows the
energy fluence, F (J/m2), for integrated periods of
one hour. The results in rows (c) and (d) show the
occurrence of two substorms. At the beginning of
each substorm the fO value was approximately
represented by the normalized MSIS value. After
the substorm began, fO rapidly decreased and then
stayed either constant until the beginning of the next
substorm or quite slowly recovered. The responses
at the two sites showed some differences and
similarities. The differences are especially noticeable
during the second substorm where the fO is much
more variable over Poker than at Fort Yukon. Also
at the beginning of the second substorm over Poker
fO is quite high compared to its value 2 h earlier. The
Fig. 6. The average percentage difference between fO and MSIS for

+represents Fort Yukon data from 1/99, * represents Poker Flat data

al., 1989), s98 and n98 are from Greenland in 1998 (Hecht et al., 2000),

and a second-order polynomial fit (dashed line) are shown.
two hour data gap is large enough so that we cannot
be sure whether or not complete recovery occurred.
Complicating the interpretation is the apparent
inverse relationship in these data at the beginning
of the second substorm between the average energy
and fO. This suggests that we may also be sampling
composition change at different altitudes.

Fig. 6 shows the average percentage difference
between fO and the normalized MSIS value for each
of the six nights and plots it against the energy
fluence (J/m2) for that night. In this plot we also
include similar results from our previous data sets
collected at Kangerlussuaq in 1987 and 1998,
Narsarsuaq in 1998, and Poker in 1994. (For Poker
1994 data, we used the quiet time fO value in place
of the normalized MSIS value). Also shown are two
fits, one linear and one a second-order polynomial.
In Fig. 7 we plot the % change in fO, from either the
MSIS value or in the case of the Poker 1994 data
from the fO value at the beginning of the substorm
versus energy fluence over the substorm. In both
cases we see a general trend of decreasing fO as the
energy fluence increases. Again two model fits are
shown. However, the exact shape of the relationship
each night plotted vs. energy fluence. Symbols are as follows:

for 1/99, s87 are data from Kangerlussuaq in 1987 (Niciejewski et

and p94 is from Poker Flat Alaska in 1994. A linear (dotted line)
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Fig. 7. Same symbols as in Fig. 6. Percentage change in fO from beginning of substorm vs. energy fluence.
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(linear or quadratic) needs further data as they both
yield the same experimental variance (Bevington,
1969). Thus, there are two outstanding questions
that arise from these observations which have still
not been fully resolved. (1) What is the relative
importance of local mechanisms versus transport in
the composition changes we observe? (2) What is the
form of the relationship between energy input and
observed composition change?

3.4. Alaska—Poker Flat/Fort Yukon 2002– 04

The GUVI instrument on TIMED uses a varia-
tion of the photometric technique described above
to be able to retrieve E0 and fO. E0 is obtained by the
ratio of two different N2 LBH emissions (LBH long
and short) which are absorbed differently by
molecular oxygen. The value for fO is obtained by
taking the ratio of OI (135.6 nm) to LBH long. Since
all the emissions originated mainly in the lower E
region (like blue and 844.6) the GUVI data provide
a means of retrieving composition changes in the
100–200 km region without the problems associated
with the red line. Although low altitude satellite
observations over a given auroral location occur
approximately every 100min, and revisit time may
only occur on a few orbits a day, GUVI can also
obtain fO from dayglow emissions. Thus, GUVI
observations can provide a global picture of
composition change over a restricted local time.
This complements very well ground-based observa-
tions using the photometric technique which can
provide data on fO at a single location but as a
function of time thus capturing the short time scale
dynamic effects not accessible to GUVI.

As part of the GUVI validation effort the two
photometers described above were placed at Fort
Yukon and Poker Flat where they have been
operating since early 2002 during the auroral season
(generally October to early May). The objective was
to compare the ground-based results with the
satellite results during favorable overpasses and
also to see how the local composition changes
compared to the global response during active
geomagnetic storm periods. The location at Poker
Flat also allows the OI (557.7 nm) temperature data,
obtained from the Conde/Smith Scanning Doppler
Interferometer, to be used to derive E0. Thus, one
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can compare fO derived using two independent
ground-based techniques; (a) E0 and fO derived
from red/blue vs. 844.6/blue, (b) E0 derived from the
OI (557.7 nm) temperature and fO derived from this
E0 and 844.6/blue.

In addition, we evaluate the dependence of the OI
(557.7 nm)/blue ratio as a possible measure of fO. A
model plot of this OI (557.7 nm)/blue vs. red/blue is
shown in Fig. 8. As can be seen, the OI (557.7 nm)/
blue ratio is not very sensitive to E0 but is strongly
dependent on fO. Based on the Strickland et al.
(1989) model results, this is due to the primary
excitation being an energy transfer from excited
N2(A) to atomic oxygen atoms that causes OI
(557.7 nm) emission. Measurements of this ratio
will follow in addition to those for red/blue and
844.6/blue.

The Scanning Doppler Interferometer data allow
a measure of the OI (555.7 nm) brightness. How-
ever, these brightness data are not well calibrated, in
an absolute sense. Since we are interested in relative
changes an arbitrary calibration can be applied in
Fig. 8. A plot of red/blue vs OI (557.7 nm)/blue as a function of E0 and

to characterize electron precipitation.
order to simply show the relative variations over the
night. However, the Poker Flat Observatory also
includes a Meridian Scanning Photometer (MSP)
that measures both OI (557.7 nm) and blue. Thus,
all of the OI (555.7 nm)/blue ratios are taken from
the MSP scans looking up the magnetic zenith. A
comparison was also made between the relative
variations of the MSP and Conde/Smith OI
(555.7 nm) data and they did not appreciably differ.
Thus, we have another measure of fO independent
of OI (844.6 nm) data.

The comparisons shown next are from data
collected on November 16, 2003 at Poker Flat.
Fig. 9 shows the blue emission during periods where
it exceeded approximately 1000R which corre-
sponds to a Q value of �4mJ/m2 s. These bright-
nesses are large enough so that any uncertainty in
background correction would be negligible.

Fig. 10 shows comparisons between red/blue and
844.6/blue (top), red/blue and OI (557.7 nm)/blue
(middle) and the variation of red/blue vs. the OI
(557.7 nm) temperature variation (bottom). Recall
fO. Gaussian distributions with high and low energy tails are used
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Fig. 9. A plot of blue emission in kR vs time on November 16,

2003 during periods where it exceeded 1 kR.
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that as a function of E0, red/blue has the greatest
variation and OI (557.7 nm)/blue has the least while
the reverse is true as a function of fO. The middle
panel shows that the OI (557.7 nm)/blue ratios are
relatively flat suggesting relatively little variation in
fO. The bottom panel shows significant variations in
red/blue and OI (557.7 nm) temperature suggesting
a considerable variation in E0. Here it is shown that
for the most part, red/blue varies with temperature
as expected; an increase in red/blue corresponds to
higher OI (557.7 nm) temperatures coincident with
lower energy particle precipitation. Thus, we expect
that some but not all of the variations in 844.6/blue
are due to that ratios dependence on E0. The
variation of 844.6/blue as a function of E0 is
probably best seen between the regions around 8
and 10UT where 844.6/blue is varying while OI
(557.7 nm)/blue is nearly constant and in the period
from 1430 to 1500UT.

The derivations of E0 and fO using the two
techniques discussed above are shown in Fig. 11.
The E0s derived from the OI (557.7 nm) tempera-
tures are higher than when red/blue is used but are
fairly consistent. The fO values derived from the OI
(557.7 nm) temperatures are somewhat lower
although vary in a similar manner similar except
perhaps between 7 and 8UT where they appear to
be relatively lower. The E0 values are from 0 to 50%
higher when the temperature technique is used in
place of red/blue. In most cases however, there were
only modest changes in fO during the night,
consistent with a relatively low energy fluence of
less than 10 J/m2, as derived from the particle data
above, and from Poker Flat magnetometer data.

Differences between the two may be partly due to
calibration. It was found (not shown) that errors of
10% in calibration of the absolute red/blue ratio
translated into an equivalent uncertainty in the two
derived quantities, E0 and fO. Another possibility is
an incorrect temperature profile perhaps due to
wave activity not captured in the MSIS atmosphere
(see below).

The one period where calibration issues cannot
explain the differences is between 7 and 8UT. Even
with the calibration adjustment the energies derived
using red to blue are lower. This is probably real
because the red emission is quite sensitive to
low energy electrons compared to the other OI
emissions.

The influence of low energy electrons is to be
explored in a future publication, and its occurrance
suggests some caution needs to be used in inter-
preting the results of these ground-based measure-
ments. The following points expand upon this and
add further discussion about potential improve-
ments to our remote sensing technique with the
addition of the OI (557.7 nm) feature:
1.
 During a large magnetic storm, variations in the
occurrence of intense low energy precipitation or
possible deviations from MSIS in the shape of
the O density profile between the E and F regions
can distort the analysis of red/blue and 844.6/
blue. In particular it was found on November 20,
2003, when Kp reached 9-, that E0 values inferred
from the photometric data were sometimes a
factor of two lower than those inferred from the
OI (557.7 nm) temperatures. During TIMED
overpasses, GUVI-derived E0 values were ob-
served to be in agreement with those from the OI
(557.7 nm) temperature measurements (D. Strick-
land, private communication, 2004). When those
E0 values were used in conjunction with 844.6/
blue, the ground-based and GUVI, fO values
were in reasonable agreement. Thus, inference of
O densities in the E region may be somewhat
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Fig. 10. Three panels show comparisons between (top) red/blue and 844.6/blue, (middle) red/blue and OI (557.7 nm)/blue plus 0.05, and

(bottom) the variation of red/blue vs. the OI (557.7 nm) temperature variation. The horizontal lines are shown to guide the eye as the ratios

vary throughout the night. Dots are used for red/blue in all three panels.
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distorted during large geomagnetic superstorms
if red line emission is solely used in the analysis.
Thus, the analysis of fO variations during the
large geomagnetic storm in February 1986 by
Hecht et al. (1991) did not principally rely on red
line data because of concerns like those just
expressed. We note, however, that comparisons
outside this storm period show generally good
agreement between the photometric red/blue vs.
844.6/blue technique and GUVI data although
some calibration adjustment (on the order of
25%) may have to be applied to the ground-
based data.
2.
 Fig. 2 shows that the OI (557.7 nm) temperature
technique becomes somewhat insensitive at high
E0s. Thus, small temperature changes in the
actual atmospheric temperature profile, caused
by gravity waves or tidal activity, and which are
not captured in a model atmosphere, can result in
an error in derived E0. This is especially true for
energetic electrons that may be deposited near
100 km, a region of known variable wave activity.
The sensitivity of this technique is height
dependent so that temperature variations by
waves do not cause much E0 variation at high
altitudes.
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Fig. 11. The two panels show E0 and fO derived from two techniques. They are (1) red/blue vs. 844.6/blue used to derive E0 and fO, or (2)

E0 from OI (557.7 nm) temperatures and fO derived from a combination of that E0 and 844.6/blue. Dots are used for the first technique and

a solid line connecting triangles is used for the second technique: (top) derived fO vs time on November 16, 2003, (bottom) derived E0 vs.

time. Both derivations apply only to periods when the blue emission exceeded 1 kR.
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3.
 Furthermore, red/blue vs. OI (555.7 nm)/blue
may also be a candidate for determining E0 and
fO. This could open up a wealth of meridian
scanning photometer data that could be analyzed
for fO variations.

4. Conclusions

The use of passive ground-based optical remote
sensing to monitor auroral energy deposition has
been shown to be a viable technique. Relatively
inexpensive photometers can be used to monitor the
energy flux of precipitating particles, and, with a
judicious choice of filters, both the characteristic
energy of precipitating particles, and changes in
composition (reflected through either fO or the O/N2

column density ratio). As noted above, some
caution needs to be used in applying this technique.
But given that several independent measurements
can be made of the same quantity, we would
recommend that future ground-based observatories
be equipped with filter photometers that can
measure the following emissions discussed above:
OI (630.0 nm), OI (844.6 nm), OI (557.7 nm), N2

+

(427.8 nm), and N2 (871.0 nm). This should be
supplemented by measurements of the OI
(557.7 nm) and OI (630.0 nm) temperatures using
the Conde/Smith technique. These measurements
would allow a further independent check on E0 via
OI (557.7 nm) data, and the exospheric temperature,
which is needed to validate the model atmosphere
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temperature predictions, via OI (630.0 nm). These
data taken together would allow a reliable measure-
ment of fO and E0 as each is measured indepen-
dently more than once. All but the OI (630.0 nm)
temperature data are available for the past few years
at the Poker Flat Observatory.

In the future one would expect in principle that
information could be obtained not only on E region
composition changes using OI (557.7 nm) tempera-
ture and brightness data along with N2

+ (427.8 nm,)
but perhaps also in the F region using OI (844.6 nm)
and OI (630.0 nm) data. However, in the immediate
future enough data should exist to answer one of the
questions posed earlier, namely how does the
change in the O/N2 ratio in the thermosphere scale
with auroral activity.
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