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Relationships between precipitating auroral zone electrons and
lower thermospheric nitric oxide densities: 1998 — 2000

D.N. Baker,! C.A. Barth,' K.E. Mankoff,' S.G. Kanekal," S.M. Bailey,” G.M. Mason,’ and

J.E. Mazur®

Abstract. Data acquired using the Student Nitric Oxide Explorer (SNOE) spacecraft during the
years 1998-2000 are presented for nitric oxide (NO) measured at altitudes between 90 and 170 km.
These data are compared with energetic electron fluxes (E>25 keV) measured concurrently using a
large-area microchannel plate sensor system (Low-Energy Ion Composition Analyzer) (LICA) on
board the Solar, Anomalous, and Magnetospheric Particle Explorer (SAMPEX) spacecraft. Three
geomagnetic storm intervals (in May 1998, September 1998, and October 1998) are examined
specifically to determine altitude and latitude variations of NO production as it compares to ener-
getic electron precipitation. A broader statistical analysis is then carried out using daily averages
of peak NO densities (at 106 km altitudes) and electron intensities measured by SAMPEX. North-
ern and Southern Hemisphere data are treated separately within the magnetic latitude bands 60°-
70° north and south. We find correlation coefficients of 0.56 (north) and 0.73 (south) for NO den-
sity versus SAMPEX electron count rates using two complete years of data. We also use the Na-
tional Oceanic and Atmospheric Administration (NOAA) “hemispherical power index” to com-
pare with SAMPEX and with SNOE measurements. Correlation coefficients of ~0.6 are found
among all the daily-averaged quantities, suggesting that perhaps 30-40% of the variance in NO
density can be accounted for by the particle measurements used. An analysis and adjustment of
NO densities to account for seasonal effects increases the NO correlations with particle intensities

to 20.7.

1. Introduction

There has been increasing attention paid in recent years to the
“last leg” of the Sun-Earth connection, namely, the precipitation
of energetic magnetospheric particles into the Earth’s upper and
middle atmosphere. Early suggestions [e.g., Thorne, 1977; Baker
et al., 1987] were made that relativistic electrons (£20.5 MeV)
could couple radiation belt variations directly into the middle at-
mosphere both by changing the lower ionospheric electrical con-
ductivity and by altering the atmospheric molecular chemistry.
This chemical aspect of magnetosphere-atmosphere coupling has
been pursued quite extensively using both observational data and
large-scale numerical models [Callis et al., 1991, 1996, 1998].
There is good evidence from this work that energetic electron
precipitation has a clear and significant effect in terms of meso-
spheric odd-nitrogen (NO,) production. Moreover, downward
transport of this NO,, especially in the winter polar regions, has
been shown to have a clear subsequent influence on stratospheric
ozone levels [Callis et al., 1998; Randall et al., 1998; also C.E.
Randall et al., Validation of POAM III NO,, submitted to Journal
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of Geophysical Research, 2001]. Thus the picture of catalytic de-
struction of ozone by oxides of nitrogen seems to be an important
aspect of atmospheric change to consider along with direct solar
influences and anthropogenic changes [e.g., Lean et al., 1994].

Whereas early work on middle atmospheric chemical changes
induced by particle precipitation focused on relativistic electrons
[Thorne, 1977] or solar energetic particles [e.g., Crutzen et al.,
1975], more recent work has emphasized the importance of con-
sidering the entire precipitating electron spectrum from £ ~ 1.0
keV to E ~ 1 MeV [Callis et al., 1998]. The lower-energy end of
the precipitating electron spectrum has long been recognized as
producing copious quantities of nitric oxide (NO) and other ni-
trogen compounds in the lower thermosphere [e.g., Barth, 1992;
Roble, 1992]. One of the challenges of understanding the effects
of precipitating electrons on atmospheric chemistry has been to
acquire a continuous record of thermospheric NO densities con-
current with a measure of precipitating electrons.

Although NO is a minor constituent in the lower thermosphere
(having concentrations of ~10-100 ppm), it nonetheless plays a
key role in the atmosphere because of its chemical and physical
properties [e.g., Codrescu et al., 1997; Ridley et al., 1999;
Crowley et al., 1999]. Because of its relatively low ionization
potential, the ions produced by photoionization of major ther-
mospheric constituents readily transfer their charge to NO. This
makes NO ions the major ion species in the lower ionosphere.
Furthermore, since NO molecules radiate strongly in the IR por-
tion of the electromagnetic spectrum, they play a significant role
in determining the thermal structure of the thermosphere. As
noted above, the nitric oxide produced in the lower thermosphere
is a form of odd nitrogen which can be transported downward
into the mesosphere and stratosphere [Barth et al., 1999; Callis et

24,465



24,466

al., 1998]. There it can play a major part in the catalytic destruc-
tion of ozone (O,).

This paper utilizes continuous data from the Student Nitric
Oxide Explorer (SNOE) spacecraft along with electron data from
the Solar, Anomalous, and Magnetospheric Particle Explorer
(SAMPEX) to carry out case study and statistical analyses of re-
lationships between particle precipitation and NO production.

2. Data Sets and Instrumentation

Nitric oxide for this study was measured in a broad range of
latitudes using the Student Nitric Oxide Explorer satellite [Barth
et al., 1999]. The NO density is determined with an ultraviolet
spectrometer (UVS) from the fluorescence scattering of ultravio-
let sunlight by nitric oxide, The SNOE satellite is in a nearly cir-
cular, Sun-synchronous orbit at an altitude of 556 km with an or-
bital period of 96 min and an inclination of 97.75°. Using the
spinning motion of the satellite, the UVS telescope scans the limb
five times per minute, producing altitude profiles of the NO den-
sity between 90 and 170 km. The nitric oxide is measured on the
daylight portion of the orbit at 1030 LT. SNOE has returned data
continuously since its launch in February 1998.

The SAMPEX spacecraft was launched in July 1992 into a
low-Earth orbit with an inclination of 81.7° and an altitude range
of 520 x 675 km [see Baker et al., 1993]. There are four science
instruments on board SAMPEX measuring a wide variety of en-
ergetic ions as well as the broad spectrum of energetic electrons.
The Low-Energy Ion Composition Analyzer (LICA) is designed
principally as a time-of-flight and residual energy detector tele-
scope to measure energetic ion composition. However, the time-
of-flight start (and stop) chevron microchannel plate (MCP) sen-
sors provide a large-area, sensitive particle detection system. The
start MCP sensor detects electrons with £>25 keV and has a
geometric factor g~50 cm?® sr. (The sensor is also sensitive to
protons with E>250 keV, but throughout most of the SAMPEX
orbit the response is dominantly due to suprathermal electrons.)
A full description of the LICA sensor system is given by Mason
et al. [1993]. Because of its relatively broad angular response,
LICA measures both trapped and precipitating electrons at most
SAMPEX orbital locations. However, our tracing analysis shows
that at midlatitudes to high latitudes the particle count rates pre-
sented here are due to particles either in the bounce loss cone, or
else in the drift loss cone. Thus the LICA rates are indicative of
particles that rather rapidly enter the atmosphere. In this paper,
we interpret the LICA MCP singles counting rate data (corrected
for known backgrounds, etc.) as a sensitive measure of precipi-
tating electrons with E>25 keV.

Given that SNOE and SAMPEX both operate at very similar
altitudes, and both are in highly inclined orbits, it is of interest to
intercompare their data. Note, however, that SAMPEX is not
Sun-synchronous and, therefore, its orbit precesses in local time:
The SAMPEX orbital plane moves through all local times in
about 3 months. On the other hand, SNOE is Sun-synchronous
and always moves in the 1030-2230 LT plane. Both SNOE and
SAMPEX complete roughly 15 orbits per day and thereby sample
geographic longitude bands that are separated by about 24° from
one orbit to the next. In this paper we bin data from the two
spacecraft into 5° latitude bins and we use primarily daily aver-
ages of NO density and electron flux, which means that we aver-
age over all longitudes.

3. Overview of Data Sets

Plate 1 is a color-coded representation of data for 1998, 1999,
and 2000 for SAMPEX LICA (top panel) and for SNOE UVS
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(bottom panel). The data are plotted in each case with geomag-
netic latitude as the vertical scale and time (in days of year) as the
horizontal scale. The scale of the color coding for the respective
panels is given by the color bars to the right of the image. Each
vertical stripe in the panels of Plate 1 summarizes the average
electron counting rate or NO density (at 106 km) for each day.

Notice that the LICA measurements extend from pole to pole,
while the SNOE data show gaps near the poles (which broaden
during times of winter in the respective hemispheres). This fea-
ture of SNOE data simply reflects the fact that the NO measure-
ments are made in daylight periods using limb scanning of solar
fluorescence. SAMPEX, on the other hand, is able to measure
precipitating electrons all the way to the geomagnetic poles (on at
least some orbits) every day.

In general, Plate 1 shows a correspondence between intense
electron events detected by SAMPEX LICA and NO density en-
hancements detected by SNOE. However, there are some inter-
vals where NO densities were low and electron intensities were
high and vice versa. Nonetheless, the overwhelming impression
from comparing the SNOE and SAMPEX measurements is that
both sensor systems are dominantly responding within the band
of geomagnetic latitudes associated with the auroral zones, that
is, magnetic latitude (MLAT) ~60°-70° [see Barth et al., 2001]. It
is natural to presume that the SNOE measurements are related to
electron-induced production of NO by ~1-10 keV electrons
[Barth, 1992; Barth et al., 2001], while the LICA-measured
electrons E>25 keV are the high-energy “tail” of the auroral
electron population.

There are several intense NO events and electron precipitation
events evident in Plate 1 which correspond to well-studied geo-
magnetic storm intervals. In the following section, we investigate
three 1998 storm-related periods in greater detail.

4. Geomagnetic Storm Intervals in 1998

As is evident from the data in Plate 1, there were several in-
tense events in the spring and fall seasons of 1998. These events
were associated with relatively strong geomagnetic storm inter-
vals that have been the focus of major organized community
analysis efforts. The storm in May 1998 is at the core of the So-
lar-Terrestrial Energy Program (STEP)-Results, Applications,
and Modeling Phase (S-RAMP) special analysis interval. The S-
RAMP program is carried out under the aegis of the Scientific
Committee on Solar-Terrestrial Physics (SCOSTEP) and it has
selected April-May 1998 as an analysis interval for special space
weather investigation [see Baker et al., 1998; Baker, 2000].
Geomagnetic storms in September and October 1998 have been
selected for study in the Geospace Environment Modeling
(GEM) program “Inner Magnetosphere” Campaign [see McAd-
ams and Reeves, 2001, and references therein].

In this section, analyses are presented for each of the selected
geomagnetic storm intervals. Information is presented about solar
wind and geomagnetic conditions, and then comparisons are
made between SNOE and SAMPEX measurements during the
course of each storm period.

4.1. Case Study: May 1-7, 1998

The active Sun in April-May 1998 produced powerful streams
of solar wind plasma that were detected upstream of the Earth.
Figure 1 shows the solar wind speed (V), the interplanetary
plasma density (N), and the interplanetary magnetic field (IMF)
north-south component (B,) for the period May 1-5, 1998 (similar
to Figure 9 of Baker [2000]). Several separate streams were seen
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Figure 1. Interplanetary magnetic field B, component and solar wind speed and density (top three panels, respec-
tively) for the period May 1-5 1998 (Data courtesy of R.P. Lepping and K. Ogilvie, 1999). The fourth panel shows
the “energy coupling” parameter e for the same period, while the lower two panels show the Dst and auroral elec-
trojet indices (the latter derived from the Canadian Auroral Network for the OPEN Program Unified Study
(CANOPUS) chain of magnetometers). A powerful series of solar wind and geomagnetic disturbances were seen
including a major geomagnetic storm development on May 4 (day 124).

-

in which V reached peak values 2600 km/s. Such streams are years [Baker et al., 1998, Baker, 2000] and was probably caused
very effective at producing subsequent magnetospheric high- by a coronal mass ejection (CME) event seen in Solar and Helio-
energy electron events. A notable solar wind period occurred on  spheric Observatory (SOHO) coronagraph data [Baker, 2000].

May 4 when V went to ~850 km/s. This was the highest solar Powerful geomagnetic activity and electron acceleration are
wind speed that had been measured near 1 AU in the prior several  expected when high solar wind speed occurs in combination with
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large By and especially when the interplanetary B, is strongly
negative. The planetary magnetic index Kp reached a level of 9
on May 4. The second panel from the bottom in Figure 1 shows
that the Dst index on that day reached values less than -200 nT (a
major geomagnetic storm) and the provisional auroral electrojet
(AL) index reached <-1400 (see bottom panel of Figure 1).

Ground-based observations (see Dst in Figure 1) and in situ
ion data from the POLAR spacecraft show a very strong ring cur-
rent response to the solar wind conditions in early May 1998
[Baker, 2000]. On May 2, the ring current underwent its first in-
tensification, corresponding to a Dst of around -100 nT. The sec-
ond, larger intensification, followed shortly after the e (=VB* £0*
sin* (0/2), where q is the angle between the z direction and the
IMF projection in the y-z (GSM) plane) parameter reached nearly
10* GW, and resulted in a (pressure-corrected) Dst value of -250
nT. The ring current energy at the peak of the storm was about 4
x 10" J. Generally, the data show a good agreement between Dst
and the measured ring current energy from POLAR [Baker et al.,
2001].

The May 1998 storm produced very large inputs of energy
into the auroral ionosphere due to Joule heating and particle pre-
cipitation [Baker et al., 2001]. It also caused significant changes
in the chemical makeup of the lower thermosphere. Plate 2 shows
a sequence of frames which illustrate the density of NO measured
by SNOE during the storm. The log of nitric oxide density is
shown as a daily average with the vertical axis indicating altitude
and the horizontal axis indicating geomagnetic latitude. (Careful
analysis shows that SNOE data exhibit a maximum correlation
with SAMPEX data when lagged in time by eight orbits, or about
0.5 days. This is reasonable given the NO molecular lifetime of
~1 day in this region. Thus in all of our work we use daily aver-
ages with this eight-orbit lag built in.) Plates 2a-2d represent re-
sults for days 122 through 125 (May 2-5) of 1998, respectively.
Near the top of each panel is a bar which shows the color-coded
log of electron flux (E>25 keV) measured for that day by the
SAMPEX LICA sensor. These electron data indicate where in
geomagnetic latitude there was intense auroral electron precipita-
tion.

As is evident from Plate 2a, there was relatively weak NO
production on day 122 (May 2, i.e., prior to the geomagnetic
storm development). Similarly the electron precipitation was
weak on day 122. By day 123, and even more clearly by days 124
and 125 (when the geomagnetic storm activity peaked), there was
a large increase in the NO production. This was plausibly caused
by the increased precipitation of energetic electrons into the
lower thermosphere. Note the strong north-south latitudinal
asymmetries in the NO production (also seen in the precipitating
electrons): Much more NO (and electron flux) was observed in
the Southern Hemisphere in this case. Notice also how low in al-
titude and how far equatorward in latitude the NO spread during
this major storm.

4.2. Case Study: September 24-28, 1998

A storm which was similar in the size of peak Dst develop-
ment to that of May 4, 1998, began with a sudden storm com-
mencement (SSC) very late on September 24, 1998. As seen from
the data in Figure 2, Dst reached a maximum negative value
(between -200 and -230 nT) early on day 268 (September 25) and
then recovered over the next several days. The 65-station auroral
electrojet (AE) index (see Lu et al. [1998] for description)
reached values (second panel of Figure 2) above 2000 nT and the
3-hourly Kp reached values >8 on day 268. The Wind satellite
data in the lower panel of Figure 2 show that the geomagnetic
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storm was driven by a powerful combination of high solar wind
speed (peak Vs, 2850 km/s) and interplanetary magnetic field B,
values approaching -20 nT.

Plate 3 is in a format similar to that of Plate 2. Plates 3a —3d
correspond to days 267-270, respectively. As seen in these SNOE
altitude versus latitude plots, NO densities were relatively low on
day 267 (September 24) before the geomagnetic storm devel-
oped. There were very high densities (~7 x 10® cm?) of NO be-
tween altitudes of ~100 km and ~120 km on days 268 and 269.
These high NO densities extended equatorward (as in the May
1998 case) to geomagnetic latitudes of ~40° (north and south).
The NO recovered to much lower, more typical densities by day
270. The NO profiles in Plate 3 are much more north-south sym-
metric than were the measured values in the May 1998 case.

The times of high NO density in this September storm interval
correspond closely to the times of largest Dst development (see
Figure 2). Day 268 was also the day with large AE values. We
note that auroral activity, as measured by AE (as well as AU and
AL), had subsided quite considerably by day 269. However, the
NO persisted strongly through day 269. This is consistent with
the ~0.8 day lifetime of NO at these altitudes [Barth et al., 1999,
2001].

Note in Plate 3 the good correspondence between the E>25
keV electron counting rates and the NO densities. In this event
interval, the electron count rates were much more symmetric
(north-south) than they were in the May case. Also the electron
intensities in the relatively high-energy range of LICA were more
intense (and broader in latitude extent) on day 269 than on day
268. By day 270, both the NO densities and the electron intensi-
ties had substantially subsided.

4.3. Case Study: October 17-24, 1998

The third case study chosen for analysis here is another of the
GEM Inner Magnetospheric Campaign intervals. As seen from
the data in Figure 3, this was a much weaker storm (peak Dsz ~-
130 nT), but the storm recovery was rather extended in time. The
major Dst development period on day 292 (October 19) was
caused by a “square wave” pulse of southward IMF (B,~-16 nT).
During this day, however, Vg, was barely above 400 km/s. As
seen in the lower panel of Figure 3, the long Dst recovery interval
and the episodic enhancements of the auroral electrojets on days
293-297 were caused primarily by large (and intermittently en-
hanced) values of Vgy: At its peak (on day 295), Vg, reach a
value of ~700 km/s.

Plate 4 is analogous in format to Plates 2 and 3. Plates 4a-4d
show SNOE and SAMPEX data for days 291-294 (October 18-
21). In this case, the SNOE measurements of NO density show a
strong asymmetry, favoring the Northern Hemisphere over the
south. This is the opposite of what was seen, for example, in the
May 1998 example (Plate 2). In Plate 4, we do not see any par-
ticularly strong enhancement in the LICA counting rates (at least
not comparable to the stronger May and September 1998 storms).
Thus in this weaker October storm the NO density correlation
with the E>25 keV electrons seems weaker. This may suggest
that the auroral precipitating electron energy spectrum was much
softer in this case. The highest electron counting rates for LICA
were actually observed on day 293, that is, during the recovery
phase of the Dst profile.

5. Statistical Analyses

As is evident from Plate 1 and from the case studies presented
above, nitric oxide densities are enhanced broadly in altitude and



BAKER ET AL.: COMPARISON OF AURORAL ZONE ELECTRON COUNTS AND NO

24,469

e
L

2000

LA IR L L L T

=)
[=}
=)

o

AU, AL, and AE (nT)

AE derived from 65 stations

16 T T (NI AR 1 [ IR B [T |

|

ool

Dst (nT)

- - - = standard Dsy(&)
measured Dst(28)

11:1'111|[||l||:11|

L 1

600

400

200

Solar Wind Speed [kin/s]

4 WRU

WIND Data |

4 30

’ Jl{’

270

Day of 1998

Figure 2. Interplanetary and geomagnetic data (as labeled) for the period September 24-28, 1998 (days 267-271).
A major geomagnetic storm was observed on September 25 (day 268) as shown by the Kp and Dst indices.

in geomagnetic latitude during magnetic storms. Similarly, we
see evidence from the LICA data that energetic electrons are en-
hanced in intensity during storm intervals, again over a fairly
broad range of geomagnetic latitudes. However, for both NO
densities and E>25 keV electrons, a band of latitudes ~60°-70° is

representative of where peak enhancement occurs both in the
Northern and Southern Hemispheres. In this section we analyze
data in these latitude bands. As was also evident from Plates 2, 3,
and 4 (as well as earlier work [Barth et al., 1999]), the typical
peak in NO density occurs around an altitude of 106 km. We use
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2, but for October 17-24, 1998 (days 290-297).



SAMPEX: Electrons (E > 25.0 keV)
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Plate 2. A comparison of Student Nitric Oxide Explorer (SNOE) nitric oxide measurements and the Solar,
Anomalous, and Magnetospheric Particle Explorer (SAMPEX) electron (E>25 keV) measurements for days 122
and 125 of 1998 (May 2-5). SNOE data are plotted on a logarithmic scale according to the color scales at the bottom
of the figure. The SAMPEX electron counting rates range over several orders of magnitude, as also shown by the
color bar. Further details are given in the text. (Adapted from figure presented by Baker [2000]).
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Figure 4. (a) Density of nitric oxide (daily average) measured by SNOE at 106 km altitude in the magnetic latitude
band 60°-70° in the Northern Hemisphere for the period day 79 of 1998 to day 79 of 2000. (b) Similar to Figure 4a,
but for southern magnetic latitudes (-60° to -70°). Correlation parameters (and fitted lines) are shown in each panel.

SNOE data from this altitude for present studies. We have chosen
to use two full years for our studies, namely, day 79 of 1998 to
day 79 of 2000.

Figure 4 shows plots of daily-averaged SNOE nitric oxide
densities at 106 km altitude. The NO density is plotted in Figure
4a for the northern geomagnetic latitude band 60°-70° versus day
of year. Similar values for the southern latitude band (-60° to -

70°) are shown in Figure 4b. Daily average densities range from
low values of ~7 x 107 cm™ to high values of ~6 x 10° cm”. Note
also the tendency for seasonal trends in the data such that NO
densities are generally higher in the north in northern winter and
are also slightly higher in the south during southern winter. This
is plausibly due to greater lifetimes when solar illumination, and
related photodissociation, is reduced in the winter hemisphere.
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Figure 5. The Southern Hemisphere to Northern Hemisphere ratio of daily averages of nitric oxide shown in Figure

4. A strong seasonal oscillation is seen.
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Figure 6. (a) Daily-average counting rates for E>25 keV electrons measured by SAMPEX LICA in the magnetic
latitude band 60°-70° in the Northern Hemisphere for the period day 79 of 1998 to day 79 of 2000. (b) Similar to

Figure 6a, but for southern magnetic latitudes (-60° to -70°).

Figure 5 shows the importance of this effect more explicitly. In
this figure, the density of NO in the Southern Hemisphere
(-60°=MLAT=-70°) for each day is divided by the corresponding
value of NO density in the Northern Hemisphere
(60°<MLAT<70°). The south-to-north ratio shows quite strik-
ingly how the auroral region NO density varies on an annual ba-
sis. It is also possible that this asymmetry is due in part to the
hemispheric asymmetry that has been observed in auroral particle
precipitation [e.g., Liou et al., 1997; Newell et al., 1998; Petrinec
et al., 2000] due to sunlight suppression of auroral arcs.

Figure 6 is analogous to Figure 4, but it shows daily average
count rates for the LICA E>25 keV electrons. Again, the top
panel (Figure 6a) shows Northern Hemisphere data (60° to 70°
geomagnetic latitude), while the lower panel (Figure 6b) shows
Southern Hemisphere data (-60° to -70°). For the electron data,
there are not very obvious summer-winter asymmetries as there
were for the NO densities. In fact, the Northern and Southern
Hemisphere time series look remarkably similar. The counting
rates range broadly in Figure 6 from ~5 x 10% c/s to ~10° c/s.
Note, therefore, that electron fluxes range over at least 3 orders of
magnitude while the NO densities (Figure 6) range only over
about 1 order of magnitude.

It is of interest to examine correlations between the Northern
and Southern Hemisphere measurements shown in Figures 4 and
6. Figure 7a presents a scatterplot of NO data with Southern
Hemisphere (SH) values indicated by the vertical axis and North-

ern Hemisphere (NH) values indicated by the horizontal axis. As
is evident from the data points, the SH and NH SNOE data are
fairly broadly distributed. The solid line is a “two-dimensional”
power law least squares fit to the data [see Press et al., 1992]. As
is seen from the fitted trend line, the best fit line has a somewhat
flat slope (SH=1.11 NH ®*'*). This power law (log-log) fit has a
correlation coefficient of r=0.503.

Figure 7b shows that the E>25 keV electrons are more highly
correlated between the two hemispheres. The fitted power law
trend line (SH=0.87 NH ') is relatively close to the unit slope
line, and the correlation coefficient is a very high =0.908. As for
the NO data (Figure 7a), the LICA electrons show a slight domi-
nance of SH intensities at low activity and NH intensities at high
activity.

Figure 8 shows the relationships that exist between daily-
average NO densities and concurrent E>25 keV electron count
rates. Figure 8a shows the scatter diagram for NH data, and Fig-
ure 8b shows SH data. The northern auroral zone data indicate a
fairly broad scatter of data points: The fitted power law trend line
(NO=8.1 x 10° [F,..] ®*®" has a correlation coefficient of
r=0.564. This means that about 32% of the variance (e<7*) can be
accounted for by the NO-electron relationship examined here. On
the other hand, the southern auroral zone data are much more
highly correlated (Figure 8b). The fitted trend line for the SH data
(NO=1.03 x 107 [F,,..] ®**) has a relatively high correlation coef-
ficient of r=0.730. This means that over half the variance of NO
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Figure 7. (a) A scatter diagram and two-dimensional least
squares fit showing Northern Hemisphere NO densities versus
Southern Hemisphere densities (using data from Figure 4). (b)
Similar to Figure 7a, but for E>25 keV electrons (data from Fig-
ure 6).

could be accounted for owing to the auroral electron flux
changes.

Because we know that nitric oxide densities at 100-110 km al-
titudes are produced primarily by ~1-5 keV electrons, we would
certainly not expect perfect correlations between SNOE data and
the relatively energetic (>25 keV) electrons measured by
SAMPEX LICA. In fact, energy spectral variations from event to
event in the auroral zone could, in principle, mean that the
higher-energy tail of the precipitating electron population could
vary in rather different ways than do the bulk of the auroral elec-
trons near E ~1 keV. This led us to consider other spacecraft
measurements of lower-energy precipitating electrons for com-
parison. One convenient, and readily available, data set is the
“hemispherical power index” (HPI) obtained by the National
Oceanic and Atmospheric Administration (NOAA) TIROS

- spacecraft [e.g., Fuller-Rowell and Evans, 1987]. The HPI esti-
mates the total power coming into the upper atmosphere as a
function of time. It is normally dominated by relatively low en-
ergy electrons (1-10 keV) and peaks clearly in the auroral zones.
The Northern and Southern Hemisphere HPI data are generated

separately and were used this way here (data courtesy of D.S.
Evans, 2000).
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In Figure 9 we compare the daily-averaged SAMPEX E>25
keV electron count rates with the NOAA HPI data for the period
1998 (day 79) to 2000 (day 79). The Northern Hemisphere (Fig-
ure 9a) and the Southern Hemisphere (Figure 9b) data look re-
markably similar, as do the least squares fits. The correlation co-
efficients for the distributions are r=0.682 (NH) and r=0.696
(SH). Thus some nearly 50% of the variance of LICA fluxes can
be related to the low-energy electrons represented by the HPI
values.

As a final statistical comparison, we directly relate the daily-
averaged SNOE auroral zone data to the NOAA HPI data. This
comparison is shown in Figure 10a (NH) and Figure 10b (SH).
Perhaps a little surprisingly, the correlations of SNOE nitric ox-
ide densities and the HPI (r~0.615 and r=0.643, north and south,
respectively) are not very much better than the correlations ob-
tained between SNOE and SAMPEX LICA (see Figure 8). In
fact, for the Southern Hemisphere case, the SNOE-SAMPEX cor-
relation is actually better than is the SNOE-HPI correlation.

6. Discussion and Conclusions

In this paper we have intercompared nitric oxide data and en-
ergetic particle data using daily-averaged measurements. Initial
comparisons were made between NO densities measured by
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Figure 8. (a) Scatter diagram between Northern Hemisphere NO
densities and concurrent E>25 keV electron count rates using
daily averages from Figure 4a and from Figure 6a, respectively.
(b) Similar to Figure 8a, but using Southern Hemisphere daily
averages (Figures 4b and 6b).
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Figure 9. (a) Scatter diagram and least squares fit between

Northern Hemisphere E>25 keV count rate averages and the
daily average National Oceanic and Atmospheric Administration
(NOAA) “hemisphere power index” discussed in the text. (b)
Similar to Figure 9a for the Southern Hemisphere.

SNOE sensors and particle fluxes measured using SAMPEX sen-
sors: These two spacecraft operate at about the same altitude, but
in general are in different orbital planes. Nonetheless, the simi-
larly complete data in magnetic latitude (and continuous meas-
urements in time at similar altitudes) made daily comparisons
interesting and valuable. We have found that E>25 keV electron
counting rates are relatively north-south symmetric between the
two auroral zones, but the nitric oxide densities show much more
north-south asymmetry. As speculated in the data presentation
above (see Plate 1) and as shown more clearly in Figure 5, this
north-south asymmetry probably is due, at least in part, to the
amount of solar UV reaching the high-latitude regions and the re-
sulting photodissociation of NO that does (or does not) occur
during different seasons of the year.

It seems evident that a model that included the seasonal NO
lifetime discussed here could potentially improve the correlations
between particle energy inputs and resultant NO densities. A sea-
sonal and latitudinal “correction” for the daily values of NO
would lead to more linear relationships with precipitating particle
flux measurements. Using the kind of seasonal dependence of
NO densities revealed by Figure 5, we have made a simple (sinu-
soidal in time) model to account for north-south asymmetries.
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The seasonal correction gives NO densities that should better cor-
relate with particle measurements. Figure 11 shows that this is,
indeed, the case (at least for SAMPEX data). Figure 11a shows
Northern Hemisphere correlation between SNOE and LICA data:
The correlation coefficient is found to be r=0.690. The uncor-
rected correlation, recall (Figure 8a), was r=0.564. Figure 11b
shows the SNOE versus NOAA HPI data for the Northern Hemi-
sphere: The correlation coefficient is r=0.629. Previously, prior
to the seasonal correction, the value was r=0.615, so a slight
positive difference results. The Southern Hemisphere correlations
between corrected NO densities and LICA (r=0.718) and HPI
(r=0.719) are even a bit higher than for the Northern Hemisphere
(scatter diagrams not shown here). Having made some correction
for seasonal NO dependences, we look forward in future work to
studying seasonal particle precipitation dependences as dis-
cussed, for example, by Newell et al., [1998].

From energy deposition versus altitude considerations, we are
well aware that E>25 keV electrons deposit their energy in the
altitude range ~90 km and below [see Codrescu et al., 1997]. On
the other hand, the data presented in this paper show that nitric
oxide densities are highest at altitudes above 100 km. Thus the
comparison of NO densities at 106 km altitudes with electron in-
tensities measured by SAMPEX LICA is a bit of a mismatch. It
was for this reason that we elected to also use NOAA HPI data
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hemispherical power index. (b) Similar to Figure 10a for the
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Figure 11. (a) Scatter diagram and least squares fit for Northern
Hemisphere nitric oxide densities corrected for seasonal varia-
tions versus SAMPEX-measured electrons with E>25 keV. (b)
Similar to Figure 11a, but now plotting corrected NO densities
versus the NOAA hemispherical power index.

for comparison to SNOE data. Yet, as our analysis has shown, we
do not find any better correlation using HPI data than we do us-
ing LICA data: All our cross correlations are in the ~0.6 to ~0.7
range. This means that about 35% to 50% of the variance can be
accounted for by the statistical relationships explored here. Many
other factors, including measurement time differences, local time
dependences, spectral effects, and other factors, probably account
for the less than perfect correlation observed.

We have commented in the data presentation above that the
NO densities vary over the course of a year by about a factor of
10. It is clear that the NOAA HPI data vary a bit more than this
(see Figures 9 and 10), perhaps showing a dynamic range of a
factor of ~25. On the other hand, the £>25 keV electron counting
rates vary by a factor of perhaps 400 or so. This fact emphasizes
further that the spectrum of electrons precipitating into the upper
atmosphere probably has a low-energy peak in differential flux
(or number flux) near ~1 keV that is more steady in value with a
high-energy spectral “tail” that varies much more widely. The
bulk of the auroral electrons (near 1 keV) are correlated with the
E>25 keV electrons, but the correlation is probably only in the
0.6-0.7 range.
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Several recent papers have reported on nitric oxide measure-
ments from the Halogen Occultation Experiment (HALOE) on
board the Upper Atmosphere Research Satellite (UARS) [Crow-
ley et al., 1998, 1999; Ridley et al., 1999]. HALOE measures ni-
tric oxide at sunrise and sunset at latitudes and longitudes that
vary systematically over a 34-day period. HALOE is able to
cover magnetic latitudes from 73°S to 68°N over this interval of
time. In the course of a 34-day period, the HALOE experiment
covers many different magnetic local times. UARS also measures
on the same platform the particle fluxes and spectra [e.g., Frahm
et al., 1997]. As we have described, SNOE samples a broader
range of magnetic latitudes (nearly pole to pole) at all geographic
longitudes, but only at 1030 LT. Thus SNOE and UARS HALOE
are in some senses complementary in their measurements.

Crowley et al. [1998] described a geomagnetic storm interval
(12 days) and showed a variation of NO as a function of geo-
graphic longitude. Crowley et al. [1999] reported that hemi-
spheric asymmetries of NO that appear when plotted in geo-
graphic coordinates disappear when plotted in geomagnetic coor-
dinates. In our Plates 2, 3, and 4 we have used geomagnetic coor-
dinates, but N-S asymmetries persist (at times both in NO and in
particle fluxes). Ridley et al. [1999] presented a 5 year statistical
analysis of NO data. They found a clear local time asymmetry.
We are unable to perform such local time analysis with SNOE,
but we can make other direct comparisons with HALOE. We
look forward to such comparisons.

In summary, we wish to emphasize that understanding the
coupling of magnetospheric particle populations into the upper
atmosphere of the Earth is crucially important to arrive at a true
comprehension of the Sun-Earth connection. Until we understand
fully the role of magnetosphere-atmosphere linkages and the
chemical changes induced thereby, we cannot hope to appreciate
fully the role of natural variability in global atmospheric changes.
We feel that long-term, continuous data from spacecraft such as
SNOE, SAMPEX, and TIROS can play a key role in arriving at
such an understanding of Sun-Earth connections.
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