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[1] Nitric oxide (NO) densities at heights between 96 and 150 km in the Earth’s upper
atmosphere are directly compared with the energy deposition from precipitating energetic
electrons. The comparisons are done for the beginning of a geomagnetic storm event
on 2 May 1998. The electron energy is derived from X-ray bremsstrahlung observations
from the Polar Ionospheric X-ray Imaging Experiment (PIXIE) on board the Polar
spacecraft. Measurements of the NO density are performed by the Student Nitric Oxide
Explorer (SNOE) on the dayside by measuring airglow spectral features of the NO g-band.
Since a significant part of the electron precipitation takes place during the night, and
considering the long lifetime of NO, we have accumulated the X-ray data in geographical
boxes. This enables us to follow the development of the total energy deposition over a
specific area during the night and morning hours. In agreement with theoretical predictions
we find an increase in NO at higher latitudes due to electron precipitation. At 106 km
altitude, which is found to be the average altitude of the peak values of both NO intensity
and precipitating electron energy, �83% of the NO density is produced by electron
precipitation. At this altitude we find that the electron precipitation results in the
production of �8 NO molecules per keV deposited energy. The comparison of the data
also shows effects of a horizontal neutral wind. Above 100 km the peak in NO density is
displaced equatorward of the peak in electron energy deposition. INDEX TERMS: 2716
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1. Introduction

[2] The effects in the upper atmosphere of solar and
magnetospheric energetic particle precipitation have been
studied for several decades. Among the chemical effects, the
variations in ozone density are of particular interest. The
connection between energetic particle precipitation and
ozone is mainly through the production of HOx and NOx

which destroy ozone in catalytic reactions. Nitric oxide
(NO) is easily produced by energy input into the atmo-
sphere. The NO density is highly variable, with maximum

density in the higher latitude regions at heights typically
around 106 km altitude. The higher latitude portion of the
NO abundance has been shown to vary with the intensity of
the auroral precipitation [e.g., Barth, 1992]. Precipitating
electrons with energy of �10 keV deposit most of their
energy at altitudes between �100 and �115 km [Rees,
1963], that is, the altitude region of maximum NO density.
[3] The main production mechanism of nitric oxide in the

upper atmosphere is the reaction of exited nitrogen atoms
with molecular oxygen. Energetic electrons, both photo-
electrons produced by solar soft X rays and auroral precip-
itating electrons, produce exited atomic nitrogen atoms from
the dissociative excitation of molecular nitrogen. The addi-
tional ionization also leads to the production of exited
nitrogen atoms through the dissociative recombination of
NO+ or N2

+. The main loss proses of nitric oxide is photo-
dissosiation by solar ultraviolet radiation.
[4] The ozone layer in the stratosphere can be affected by

the NO abundance in the lower thermosphere. The lifetime
of NO is sufficiently, long particularly during the winter, so
that NO can be transported by vertical winds from the lower
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thermosphere to the stratosphere [Solomon et al., 1982].
This would work especially during winter when there is a
substantial downward transport of air through the middle
atmosphere at higher latitudes [Randall et al., 2001; Callis
and Lambeth, 1998; Callis et al., 1996].
[5] Nitric oxide is also important for the heat balance in

the upper atmosphere, as it radiates effectively in the
infrared part of the spectrum. Owing to the low ionization
threshold of NO the NO density controls the ion composi-
tion in the E region of the ionosphere. Ionization of NO by
Lyman-a radiation causes NO+ to be one of the most
dominant ions in the D region of the ionosphere.
[6] Production of nitric oxide due to solar soft X rays and

electron precipitation has been studied [e.g., Baker et al.,
2001; Barth et al., 1999, 2001, 2002, 2003; Callis et al.,
1998; Crowley et al., 1998, 1999; Petrinec et al., 2003;
Ridley et al., 1999; Roble, 1992; Solomon et al., 1999] and
modeled [e.g., Codrescu et al., 1997; Bailey et al., 2002;
Barth, 1992; Siskind et al., 1989]. Barth et al. [1999]
compared simultaneous measurements of solar soft X rays
and thermospheric nitric oxide. They found a 0.88 correlation
in the tropics during low geomagnetic activity (Ap < 10).
They concluded that the primary cause of the NO variability
in the lower thermosphere in the tropics is the variability in
the flux of the solar soft X rays. The NO density in the tropics
has maximum value of �5 � 107 molecules/cm3.
[7] A statistical study of Petrinec et al. [2003] compared

auroral bremsstrahlung X rays, as observed by the Polar
Ionospheric X-ray Imaging Experiment (PIXIE), and nitric
oxide density, as measured by the Student Nitric Oxide
Explorer (SNOE). The study spanned over 3 years of data
and the two data sets consisted of daily averages. Petrinec et
al. [2003] found a rather modest correlation between the
measurements, indicating that 20–40% of the variation in
the high-latitude thermospheric nitric oxide was caused by
the electron precipitation. The correlation was 0.57 when the
NO observations were delayed one day with respect to the
X-ray measurements. When also considering the seasonal
effects on the NO density, the correlation coefficient in-
creased from 0.57 to 0.63. However, Petrinec et al. [2003]
stressed the difficulties of doing a statistical comparison,
when the timescales change significantly with observational
circumstances and with altitude.
[8] Baker et al. [2001] did a 2 year statistical study where

the NO volume density, as measured by SNOE, was
compared with energetic electron fluxes (E > 25 keV) from
measurements by the Low-Energy Ion Composition Ana-
lyzer (LICA) instrument on board the Solar Anomalous
Magnetospheric Particle Explorer (SAMPEX) satellite.
In addition, the NO volume density was compared with
the ‘‘hemispherical power index’’ (HPI) obtained by the
National Oceanic and Atmospheric Administration (NOAA)
TIROS satellites. When the seasonal variations in the NO
density also were considered, the correlation coefficient was
found to be between �0.6 and �0.7 for both comparisons.
Baker et al. [2001] also compared NO measurements from
SNOE and SAMPEX data for three geomagnetic storm
events. They found a large latitudinal asymmetry between
the winter and summer hemispheres in the NO production
and that the NO profile was spread equatorward in latitude
during major storms. The comparisons were made with
daily averaged data.

[9] The present study compares directly the energy depo-
sition from precipitating energetic electrons, and the increase
in NO density at higher latitudes, during the beginning of a
geomagnetic storm event on 2 May 1998. On the two days
before this date the geomagnetic activity was low. The
lifetime of NO is approximately 1 day [Barth et al., 2003].
With quiet conditions prior to the storm, we can expect the
abundance of NO at higher latitudes to be directly related to
the electron precipitation during the storm.
[10] The UV spectrometer onboard SNOE measured the

NO density in day light only, and the SNOE orbit crossed
the equator at approximately 1030 local time (LT). Nitric
oxide produced by electron precipitation during the night
will have sufficiently long lifetime to rotate with the Earth
over to the dayside. Here the NO density can be measured
by SNOE. This means that we must take into account all the
electron precipitation that takes place over a given area
during the night and morning. Therefore the X-ray brems-
strahlung intensities are accumulated in geographical boxes.
The measurements start some hours before the major storm
activity 2 May 1998. We integrate the X-ray intensity over
consecutive longer intervals of time and investigate the
increase of NO during these hours.

2. Instrumentation

2.1. PIXIE (Polar Ionospheric X-Ray Imaging
Experiment)

[11] PIXIE is an X-ray camera on board the Polar
spacecraft [Imhof et al., 1995]. The instrument is a pinhole
camera with two separate gas proportional counters record-
ing time, position, and energy for each incident X-ray
photon in the energy range from �2.5 to 22 keV. Owing
to a high-voltage problem, the front chamber (2.5–9 keV)
has to be duty-cycled. On 2 May 1998 it was switched on
for �4.5 min and off for �5.5 min. However, the rear
chamber (9–22 keV) provided continuous measurements.
In order to obtain sufficient count rates to derive electron
spectra from the X-ray measurements, we have integrated
the X-rays from the front (rear) chamber for 4.5 (10) min
with the same center time.
[12] The Polar spacecraft has a polar orbit with apogee at

�9 RE. In May 1998 the apogee was above the northern
polar regions, giving PIXIE a nearly global view of the
auroral regions. The extensive coverage by PIXIE is highly
valuable when comparing energetic electron precipitation
and chemical changes, where the chemical component has a
long lifetime.

2.2. SNOE (The Student Nitric Oxide Explorer)

[13] SNOE was a research satellite built and operated at
the University of Colorado. SNOE measured the NO
density in the lower thermosphere and analyzed the solar
and magnetospheric effects on the NO abundance [Solomon
et al., 1996]. The satellite had a circular orbit at 550 km
altitude, with 97.5� inclination. It was sun synchronous and
crossed the equator at �1030 LT on the dayside.
[14] An ultraviolet spectrometer (UVS) measured the NO

density by observing the NO gamma band features (215 nm
and 237 nm) in the dayglow. The intensity of the (0,1)
gamma band at 237 nm was used to determine the density of
NO [Barth et al., 2003].
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[15] Since the UVS observed the dayglow emissions, it
measured the NO density on the dayside of the orbit, that is,
at �1030 LT. Areas that experienced electron precipitation
during the night and early morning hours had to rotate with
the Earth over to the dayside before the enhancements
in NO could be observed by SNOE. It could take more
than 10 hours before the chemical effect of a geomagnetic
storm was observed by SNOE. With the time-integrated
X-ray intensity in a geographical grid in latitude and
longitude, we should have a good basis for comparing the
data.

3. Observations

[16] In this study we investigate the connection between
energetic electron precipitation and the abundance of NO in
the upper atmosphere, during a magnetic storm on 2 May
1998. NO has a lifetime of approximately 1 day. The best
conditions for comparison is a geomagnetic storm, where
the geomagnetic conditions have been rather quiet during
the preceding days. Then we can assume that an increase
in the NO concentration in the auroral areas is connected to
the measurements of the particle precipitation over the same
geographical areas.
[17] As seen in Figure 1, the Dst index dropped from

fairly quiet levels to ��80 nT on 2 May 1998. The AE
index increased from quiet conditions to almost 2400 nT
around noon that day, and we see a corresponding decrease
in the AL index. This indicates a severe injection of
electrons on the nightside from the plasma sheet. Since
both the Dst and the AE index indicate quiet geomagnetic
conditions on the days before 2 May 1998, this date is well
suited for this comparison study.
[18] On 2 May 1998, we have PIXIE X-ray measure-

ments between 0220 and 1245 UT. At 1245 UT the Polar
spacecraft entered the radiation belts, wherein the PIXIE
high-voltage is routinely switched off to protect the instru-
ment against saturation due to in situ energetic particles.
The observations from PIXIE start at 0220 UT 2 May 1998,
several hours before the first onset at 0530 UT. Figure 2
shows the time-integrated X-ray intensity for X rays with
energies between 2.47 and 9.06 keV. Integrating X rays
from the front chamber we have assumed that the X-ray
fluxes stayed constant during the 5.5 min it was turned off
due to the duty cycling. The intensities are integrated over
consecutive longer intervals of time. We compare with the
NO measurements from nine SNOE passes, where the three
last passes occurred after the PIXIE camera was turned off.
[19] The areas of largest X-ray intensity have rotated to

the dayside of the SNOE track some hours after 1245 UT.
On the basis of studies of substorm events, we can expect
that most of the precipitation associated with possible sub-
storm expansions after 1245 UT occurs on the nightside
around geomagnetic midnight [e.g., Østgaard et al., 1999].
The NO produced by this new energy input is thus not
expected to be transported to the areas beneath the next
SNOE passes in the late morning sector. We assume that
any NO production caused by precipitation after 1245 UT,
occurring locally in the late morning sector, is insignificant
compared to the amount of NO produced in this geographic
area during the many hours before 1245 UT. Thus we
include the three SNOE passes after 1245 UT in our

comparisons. This assumption may lead to a slightly over-
estimate of the production efficiency of NO.
[20] As we see from Figure 2 it takes some hours before

the areas with extensive amounts of X-ray intensity have
rotated to the dayside of the SNOE track. In Figure 3 we
compare the NO volume density at the height of maximum
density, 110 km, with the time-integrated X-ray intensity
under the SNOE trajectory. Each plot corresponds to an
image in Figure 2. The axis values for the NO-density and
the X-ray intensity are chosen so that the data have similar
amplitudes at maximum values.
[21] In the first two passes, 0405 and 0535 UT (corre-

sponding to the upper left and middle plot in Figure 3),
there are no substantial amounts of X rays observed.
However, there is a minor peak in the NO density at higher
latitudes. The NO density at lower latitudes is approximately
0.5–1 � 108 cm�3, and at higher latitudes it reaches �1.5 �
108 cm�3 for these two passes. In the third pass (upper right
plot in Figure 3) the areas beneath the SNOE satellite
have some minor amounts of integrated X-ray intensity.
Because of the excess amount of NO already existing at
higher latitudes, the integrated X-ray intensity needs to be
somewhat larger than for the areas beneath the 0715 pass,
before we in this case can see the direct response in the NO
density.
[22] For the SNOE passes at 1025 UT and onward there is

a distinct increase in NO at latitudes close to the X-ray
intensity peak. There is a displacement between the NO and
X-ray curves which will be commented upon further when
discussing the energy profiles of the electron precipitation.
The shape of the curves for the four last plots are quite
similar.
[23] PIXIE provides X-ray measurements for 63 energy

channels. To obtain sufficient count rates, the channels have
been binned in six energy bands; four for the low-energy
section of PIXIE, and two for the high-energy section of the
detector [Østgaard et al., 2000]. From the time-integrated
X-ray data we can derive electron spectra. The method used
involves a look-up table provided by a coupled electron-

Figure 1. Dst, AL, and AE indexes for 2 May 1998. The
time of PIXIE measurements is within the shaded area.
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photon transport code originally derived from neutron trans-
port codes [Lorence, 1992]. Here the transport is of electrons
and photons. Bremsstrahlung production, Compton scatter-
ing, photoabsorption, and secondary electron radiation are
also included in the code. The look-up table, assuming
isotropic electron precipitation, gives us the X-ray produc-
tion emitted at different zenith angles for electron spectra of
exponential shape. By using this look-up table, we have
fitted the shape of the electron spectrum, which gives an
X-ray spectrum corresponding to the one observed. This
technique is described more thoroughly in the work of
Østgaard et al. [2000] and has been validated by comparison
with in situ DMSP electron spectra [Østgaard et al., 2001].
[24] We can use the electron spectra to calculate the time-

integrated energy deposition of the electron precipitation as
a function of altitude. In these calculations we have used
the cosine-dependent IDH (Isotropic over the Downward
Hemisphere) model of Rees [1963] (also described by Rees
[1989]).

[25] We have calculated electron spectra for boxes of
5� latitude and 12� longitude under the five last SNOE
passes. We ended up with 25 spectra that was of reliable
quality. Figure 4 shows the electron spectra calculated for
four areas, from 45�N to 65�N, under the SNOE pass at
1655 UT. The electron spectra change considerably from
one area to another. The energy deposition calculated from
these four electron spectra, and the NO volume density as a
function of height, are shown in Figure 5. The altitudes
of peak intensities for the two data sets correspond fairly
well. The maxima occur between 100 and 113 km altitude
and differ with only �4 km. The energy deposition profile
is somewhat wider than the NO profile, especially above the
peak. This can be explained by the lack of information
about electrons with energies less than a few keV, when
deriving electron fluxes from the X-ray measurements.
This results in a significant uncertainty in the fluxes of
the low-energy electrons, which deposit their energy at
heights above the peak.

Figure 2. X-ray intensity (2.47–9.06 keV) integrated over consecutive longer intervals of time on
2 May 1998. The time displayed beneath each image is the approximate time for the current SNOE
passage. For the six upper images the X-ray intensity is integrated from 0220 UT to the time of the
current SNOE pass. In the three lower images the X-ray integration is from 0220 to 1245 UT. See color
version of this figure at back of this issue.
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[26] The energy deposition and NO density as a function
of latitude for the 1655 UT passage is shown in Figure 6 for
different altitudes. The curves have similar shape, but above
100 km the NO density peak is displaced equatorward with
respect to the peak in the energy deposition. Because of the
long lifetime of NO the effects of neutral winds during the
night and morning hours can lead to significant displace-
ment from the origin of production. Studies done by Brekke
et al. [1994] and Nozawa and Brekke [1995] show that for
summer, at altitudes between 100 and 125 km, the neutral
horizontal wind is equatorward between midnight and

morning. In the altitude range 95 to 100 km the neutral
wind is poleward for these local times [Brekke et al., 1994].
In Figure 6 at 96 and 100 km there is no distinct displace-
ment of the NO maximum.
[27] On the basis of the 25 energy deposition profiles that

have been deduced, the relation between the observed NO
volume density and the time-integrated energy deposition is
plotted in Figure 7 for the typical altitude of the peak values,
106 km. The linear fit to the data at 106 km has a slope of
8.0 NO molecules produced per keV deposited energy, and
the correlation coefficient is 0.91.

Figure 3. NO volume density (dashed line) at 110 km altitude, and time-integrated X-ray intensity
(solid line) (2.47–9.06 keV) under the different SNOE passages on 2 May 1998. In the upper six plots
the X-ray intensity is time-integrated from 0220 UT to the time of the current SNOE pass (the time
displayed in each panel). For the three lower plots the X-ray intensity is integrated from 0220 to 1245 UT.

Figure 4. Calculated electron energy spectra under the SNOE pass 1655 UT on 2 May 1998.
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[28] In Table 1 the correlation coefficients and the slopes
for the linear fits are listed for different altitudes. The best
correlation between the time-integrated energy deposition
and the NO density is at 103 and 106 km altitude.

4. Discussion and Conclusion

[29] The development of the nitric oxide abundance at
higher latitudes during the start of a geomagnetic storm
event on 2 May 1998, has been compared directly with the
time-integrated X-ray bremsstrahlung and with the energy

deposited by the precipitating energetic electrons. Owing to
a lifetime of NO of approximately one day, and measure-
ments of NO on the dayside only, the X-ray bremsstrahlung
intensities have been integrated in geographical boxes over
consecutive longer intervals of time. This enables us to
study the accumulation effects of the electron precipitation
on the NO concentration.
[30] Although the geomagnetic conditions were quiet the

day before the storm, there was some excess NO density at
higher latitudes before the onset of the storm. Thus we do
not see any direct increase in NO for lower X-ray intensi-

Figure 5. NO volume density (dashed line) and time-integrated electron energy deposition (solid line)
under the SNOE pass 1655 UT on 2 May 1998.

Figure 6. NO volume density (dashed line) and time-integrated electron energy deposition (solid line)
under the SNOE pass 1655 UT on 2 May 1998.
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ties. The X-ray intensities and energy deposition are in good
agreement with the NO density concerning the altitude of
maximum values and the shape of the profiles. There is a
displacement of the NO profile equatorward compared with
the electron energy deposition at altitudes above 100 km.
The displacement is probably caused by neutral horizontal
winds. With a lifetime of �1 day the wind effects on nitric
oxide will be substantial for time periods of many hours as
used in this study.
[31] The relation between the NO volume density and the

energy deposition is found to be linear. The best correlation
(>0.90) is at 103 and 106 km altitude for the event of 2 May
1998, where �83% of the NO is produced by electron
precipitation. With the technique used in this study, where
the electron energy deposition is computed from electron
energy spectra, that are found from X-ray bremsstrahlung
energy spectra, we find the net NO production at 106 km
altitude to be 8.0 molecules per keV deposited energy. The
average altitude of the peak values of both NO and
precipitating electron energy is found to be 106 km. These
results are obtained assuming that the NO produced by the
electron precipitation that may occur between 1245 and
1655 UT will not be detected for the SNOE orbits in this
time interval. This may cause the production efficiency to
be slightly overestimated. We have further assumed that the
loss of NO is negligible for the time scale of this study. This
assumption can cause an underestimate of the NO produc-
tion per energy deposited.
[32] The correlation between the NO volume density and

electron precipitation found in this study is in agreement
with previous theoretical predictions; the profile of the NO
density resembles the profile of the energetic electron
energy deposition fairly well. The linear relation between
the two data sets, and the production rate is not easily
comparable to earlier results. Previous model calculations
[e.g., Bailey et al., 2002; Barth, 1992] assume constant
electron precipitation over several days. Bailey et al. [2002]
operate with an aurora of constant energy flux of 1 mW m�2

and a characteristic energy of 4 keV, turned on for 4 whole
days. Their model gives the equilibrium NO produced under
constant conditions. In the present paper we study the

effects of energetic electron precipitation on the NO con-
centration from the start of an active period with strong
temporal and spatial variations in the precipitation. Thus our
results cannot be directly compared with the results from the
above mentioned calculations.
[33] As mentioned above, we find a linear relationship

between the NO production and the deposited energy.
According to several other studies [e.g., Codrescu et al.,
1997; Bailey et al., 2002], the relation between the NO
density and the electron energy deposition rate is not linear.
When the energy flux increases, the NO density reaches a
level of saturation [Bailey et al., 2002, Figure 11]. For this
present study the intensity of the time-integrated electron
precipitation is too small for the integrated energy deposi-
tion to reach values that cohere with the saturation of NO.
[34] We see transport effects of the NO in the north-south

direction. However, we find a 0.90 correlation between the
NO density and the electron energy deposition. The reason
for this high correlation is probably the fairly large areas,
5� latitude times 12� longitude, for which the energy
deposition has been calculated.
[35] In future works it would be interesting to include

information of the neutral wind, both horizontal and vertical
winds. In addition the energy range of the electron energy
spectra would be extended if UV measurements from the
Ultraviolet Imager (UVI) on board the Polar satellite were
included. This would give a better determination of the low
energy part of the electron spectrum and thereby more
precise energy deposition profiles at higher altitudes.
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Figure 2. X-ray intensity (2.47–9.06 keV) integrated over consecutive longer intervals of time on
2 May 1998. The time displayed beneath each image is the approximate time for the current SNOE
passage. For the six upper images the X-ray intensity is integrated from 0220 UT to the time of the
current SNOE pass. In the three lower images the X-ray integration is from 0220 to 1245 UT.
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