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Observations of Upper

Atmospheric Weather

During Solar Minimum Winter

M. E. HagaN,'? C. A. BarTH,®> W. K. ToBIiska,* A. H. MaNsoN,® R. A. VINCENT,?

M. J. BuonsaNTo,! R. G. BURNSIDE,” AND V. B, WICKWAR?

We report on a wide variety of thermospheric and ionospheric observations from three consec-
utive January World Day campaign periods. Despite remarkably similar geophysical conditions
characterizing the in situ forcing of the upper atmosphere during these solar minimum campaigns,
we find significant variability in the observations of the ionosphere and thermosphere particularly

at low latitudes in the American sector. In addi

tion, we present further observational evidence

of the unexpected exospheric temperature suppression at low latitudes initially reported by Ha-
gan and Salah (1988). We discuss the lower and upper atmospheric coupling mechanisms of
plausible importance to the interpretation of the observed thermospheric weather patterns. We
report evidence that lower thermospheric [NO] (nitric oxide number density) and upward propa-
gating atmospheric tides affected the thermospheric energy and momentum budgets during the

campaign periods.

1. INTRODUCTION

Hagan and Salah [1988] reported on an unexpected lat-
itudinal variation in exospheric temperature {Too) derived
from incoherent scatter radar measurements made during
January 14-17, 1986, in the American sector. Specifically,
they found a suppression in T, at low latitudes (near 18°N)
with respect to middle latitude T, measurements as well as
to numerical [Roble and Ridley, 1987; Roble et al., 1982;
Forbes and Garrett, 1978] and empirical model predictions
[Hedin, 1983, 1987). Hagan and Salah [1988) suggested that
upward propagating semidiurnal tides could be responsible
for the observed latitudinal variation in T,.

The observations reported by Hagan and Salah provide
evidence that the expected climatological pattern of the
magnetically undisturbed northern hemisphere winter ther-
mosphere during solar minimum conditions may not be rep-
1esentative of observed weather patterns. In this report we
examine additional evidence of weather variability during so-
lar minimum winter, We propose that coupling between the
lower and upper atmosphere is responsible for the observed
weather patterns. Further, we suggest a series of numer-
ical experiments aimed at testing the role of the physical
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processes that may be responsible for winter thermospheric
weather.

In order to determine whether the unexpected T behav-
ior reported by Hagan and Salah was typical of other upper
atmospheric fields during that time, we describe a number
of previously unreported data sets from the January 1986
campaign period. In addition, we compare and contrast
the January 1986 measurements with data from two addi-
tional campaign periods in order to investigate whether the
1986 data sets are anomalous or characteristic of the upper
atmosphere during recent solar minimum and geomagneti-
cally undisturbed winter conditions. As seen in Table 1, the
geophysical conditions which characterized January 14-17,
1986, were also typical of two additional World Day cam-
paign periods, specifically, January 14-17, 1985, and Jan-
uary 27-30, 1987. The combination of measurements from
these three northern hemisphere winter solar minimum peri-
ods forms the basis of our investigation. In the remainder of
this report we describe the thermospheric and ionospheric
weather observed at low and middle latitudes during the
three January periods. Further, we interpret the observed
variability in light of complementary mesospheric and lower
thermospheric measurements.

Section 2 contains the description of a series of upper at-
mospheric measurements from the three January periods.
We report on icnospheric variability as seen in measure-
ments using incoherent scatter radars (ISR}, satellite beacon
transmissions, and ionosondes. We also present evidence of
thermospheric variability in T as well as neutral wind de-
terminations from ISR measurements.

In section 3, we identify mechanisms which couple the
middle and upper atmosphere and which may play a role in
the observed thermospheric weather. We also discuss com-
plementary mesospheric and lower thermospheric measure-
ments, We present nitric oxide density ([NOJ]) measurements
from the Solar Mesospheric Explorer (SME) satellite [Barth
et al., 1988). In addition, we present neutral wind measure-
ments from partial reflection drift radars during the three
January periods.

In section 4 we discuss the role of lower thermospheric
{NO] and upward propagating atmospheric tides in thermo-
spheric weather variability. Finally, we outline a plan for a
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TABLE 1. Geophysical Conditions

Date Flo1  Ap Kp

Jan. 14, 1985 75.1 9 1t 3 2 2+ 3 3t 1+ 1t
Jan. 15, 1985 74.8 9 1t 1t 2 2t 2 3+ 3 2
Jan. 16, 1985 74.9 8 2t 3 2t 2t 2t 2 1 1
Jan. 17, 1985 772 9 0 ot 1 3t 2t 3t 3 2
Jan. 14, 1986 768 4 1 1 1 1t 1 1 1 1
Jan. 15, 1986 79.0 5 ot 1 1t 2 1+ 2t 2 ot
Jan. 16, 1986 777 3 ot 1 1 1 ot 1 1 ot
Jan. 17, 1986 78.0 6 0 1 1 1t 1t 2 2+ 3
Jan. 27, 1987 72.1 7 1 3 1t 3 3 1 1 1
Jan. 28, 1987 73.0 11 2t 2t 2t 2 Y 3t 3 3t
Jan. 29, 1987 728 10 5 3+ 2 1 1t 1 1" 1t
Jan. 30, 1987 72.0 4 2 ot 0 ot 1 2 1t 1

follow-on study in section 5. Therein, we suggest a series of
numerical experiments using the National Center for Atmo-
spheric Research (NCAR) thermosphere/ionosphere general
circulation model (TIGCM). In addition, we describe an on-
going numerical investigation of variability in upward prop-
agating semidiurnal tides using an extension of the model
described by Forbes and Vial [1989].

2. UPPER ATMOSPHERIC MEASUREMENTS

In conducting our investigation of variability in the up-
per atmosphere during solar minimum winter, we examined
all available thermospheric and ionospheric data from mea-
surements made during the three January periods described
in Table 1. While we found interesting aspects of thermo-
spheric weather in each of these data sets, it is impossible to
include detailed discussions of our entire data base in this
report. However, in this section, we discuss the subset of
upper atmospheric measurements that best highlights the
important and large-scale features found in our data base.
We refer the reader to complementary reports by Buonsanto
[1991] and Burnside et al. [1991] for more detailed discus-
sions of measurements made at Boulder and Arecibo, re-
spectively, during these and additional periods.

ISR Measurements

First, we examine the behavior of T, in the American
sector, since the initial evidence of winter thermospheric
weather due to other than geomagnetic forcing was seen in
this parameter. 7o, determinations were calculated from
ISR measurements made over Arecibo (18°N) and Mill-
stone Hill during each January period using the standard
determination techniques [Bauer et al., 1970]. Measure-
ments made with the steerable dish over Millstone Hill were
binned [Oliver, 1984] prior to this analysis, resulting in lo-
cal time/latitude Too maps with 1° latitude increments be-
tween 30° and 55°N [e.g., Hagan and Salah, 1988]. We found
no significant day-to-day variability in T at any latitude
during the three periods, so we were able to harmonically
decompose [Hagan and Oliver, 1985] the data from each pe-
riod with enough accuracy (multiple correlation coefficients
> 0.72) in order to better illustrate the latitudinal and in-
terannual variability that we observed. The harmonic fits to

2.1.

To determinations at 18°N and 43°N for each of the three
January periods are illustrated in Figures 1a and 15, respec-
tively. Results of harmonic analyses at these latitudes high-
light the differences in Toc at low and middle latitudes dur-
ing the periods that we analyzed. Diurnal mean exospheric
temperatures as well as diurnal and semidiurnal amplitudes
and phases corresponding to each of the fits at these lati-
tudes are listed in Table 2. Interannual differences of up to
100°K throughout the day and night are found in T at the
lower latitude (Figure 1a). Nighttime (daytime) T, were
largest during 1986 (1985). The thermosphere over Arecibo
was cooler during 1987 throughout the day and night in
comparison with the other years, however. Harmeonic fits to
T at 43°N are virtually identical for the 1985 and 1987 ex-
periment pericds (Figure 15). However, despite remarkably
similar diurnal mean temperatures during each January at
this latitude (Table 2), the diurnal temperature amplitude
was 30°K larger in 1986 than it was during the other years,
pointing to a warmer (cooler) daytime {(nighttime) thermo-
sphere at middle latitudes during 1986 as compared with
the other years.

The low-latitude suppression in 7, with respect to
middle-latitude T initially reported by Hdgan and Salah
[1988] is seen in the diurnal mean temperatures in each of
the January periods in progressively larger amounts (Ta-
ble 2 and Figure 1). During the 1985 period, however, this
feature is barely discernible since the temperature suppres-
sion is of the order of the 50°K error estimate applicable
to ISR T\ determinations from measurements made during
geomagnetically undisturbed conditions. As a result, Oliver
and Salah [1988] reported no deviation from the climatolog-
ical expectation in the observed latitudinal behavior of Tt
in their initial report on these data. It is also interesting to
note that the suppression in the diurnal mean temperature
at the lower latitude is accompanied by significant variabil-
ity in the in the higher order harmonics as seen in Figure
la and Table 2. We return in section 4 to a discussion of
uncertainties in ISR Ty, determinations in order to further
justify the apparent low-latitude T, suppression.

We illustrate the latitudinal variation of diurnal temper-
ature amplitudes and phases resulting from our harmonic
fits together with the numerical model results of an NCAR
TIGCM [Roble et al., 1988] simulation (R. G. Roble, pri-
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HARMONIC FITS TO EXOSPHERIC TEMPERATURE DETERMINATIONS
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Fig. 1. Harmonic fits to ISR To, determinations over (a) Arecibo (18°N) and (4} Millstone Hill (43°N} during
January 14-17, 1985 (dashes), January 14-17, 1986 (solid), and January 27-30, 1887 (dots).

TABLE 2. Results of Harmonic Analyses

Latitude, Mean, Diurnal Semidiurnal Terdiurnal
Year °N K Amplitude/Phase Amplitude/Phase Amplitude/Phase
1985 18 692 81.8/14.2 -
1986 18 686 78.2/16.4 18.0/11.2 -
1987 18 621 77.6/15.8 6.8/12.4 31.6/12.5
1985 43 749 56.7/13.0 - -
1986 43 747 92.4/15.4 -
1987 43 756 62.0/13.1 - -

vate communication, 1990) and the predictions of Forbes
and Garrett [1978] in Figure 2. This figure illustrates the
interannual variability of the diurnal exospheric tempera-
ture observed over Millstone. During the 1886 period, the
diurnal temperature amplitude was found to be about 30°K
warmer than the observed amplitudes during the other Jan-
uary periods. Interestingly enough, this is the only feature
of significant variability in T, over Millstone (Table 2) and
marks the sole departure from climatological expectations
for the period, since the diurnal amplitudes and phases as-
sociated with middle-latitude T, observations during 1985
and 1987 are largely consistent with the numerical modeling
results of both Forbes and Garrett and the NCAR TIGCM,
which represent average conditions. In contrast, while Ty
measurements over Arecibo exhibited significant interannunal
variability in both the means and higher-order harmonics
(Figure 1 and Table 2), the diurnal temperatures were the
only consistent feature of To, over Arecibo during the three
periods. Further, the observed diurnal temperatures over
Arecibo were in reasonable agreement with numerical model
predictions (Figure 2).

We found no evidence of interannual variability in
middle-latitude thermospheric circulation in our examina-
tion of ISR determinations of neutral wind along the mag-

netic meridian over Milistone Hill for the three January peri-
ods. The anomalous behavior of diurnal T, at 43°N during
1986 that we previously discussed was not evident in the
wind determinations. The middle-latitude circulation dur-
ing recent solar minimum and geomagnetically undisturbed
winter periods was in good agreement with climatological
predictions and characterized by mean southward winds of
80 m/s with diurnal amplitudes of about 150 m/s peaking
near noon (local time). However, we did find notable vari-
ability in the circulation over Arecibo illustrated in Figure 3.
These data were determined from ISR measurements using
standard determination techniques and are characterized by
uncertainties of less than 50 m/s (typical of geomagnetically
undisturbed conditions) [e.g., Salah and Holt, 1974; Oliver
and Salah, 1988). We found interannual differences of up
to 100 m/s in both daytime and nighttime wind determina-
tions., We were not able to characterize the observed inter-
annual variability with tidal harmonics, however, since there
was significant day-to-day variability within the experimen-
tal periods (Figure 3). Figure 3 illustrates some evidence of
slightly stronger (& 50 m/s) southward winds near midnight
{7 4 UT) during 1986 which turn northward more rapidly as
compared with the observations of 1985 and 1987. However,
in contrast with the signatures of the diurnal mean T., at
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18°N (Figure 1a and Table 2), there was no pronounced in-
terannual variability in the diurnal mean wind over Arecibo
during the three January periods.

Thus far, we have characterized the thermospheric vari-
ability in the American sector during recent solar minimum
winter with determinations from ISR measurements. In the
following sections we describe the signatures of ionospheric
variability that were observed. We present ionospheric data
which complement the ISR measurements. In doing so, we
confirm the reliability of the ISR measurements and ensure
that we are not ascribing geophysical variability to any un-
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Fig. 2. Diurnal temperature (top} amplitude and (bottom)
phase versus latitude during January 14-17, 1985 (crosses), Jan-
uary 14-17, 1986 (circles), and January 27-30, 1987 (pluses), with
the model predictions of Roble (private communication, 1990)
(solid curve) and Forbes and Garrett [1978] (dashed curve}.
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known instrumental error in the ISR data. The characteris-
tics of the ISR electron density measurements for the three
January periods are also evident in the ionosonde and total
electron content (TEC) data that we present in the following
sections.

2.2. Satellite Beacon Total Electron Content Data

Total electron content measurements from Faraday rota-
tion of satellite radio beacon transmissions over Ramey Air
Force Base, Puerto Rico (18°N), are illustrated in Figure 4.
There was more pronounced day-to-day variability in TEC
during the 1985, and 1987 periods as compared with 1986,
Average daytime density during January 15, 1985, was sig-
nificantly (= 30%) larger than it was during the other 1985
daytime periods. These daytime densities were higher than
those measured throughout the 1986 and 1987 periods as
well. Both day-to-day and interannual variability was less
pronounced at night with the exception of a postmidnight
{= 4 UT), predawn depletion of the ionosphere. This fea-
ture was found during three of the four January 1986 nights
illustrated in Figure 4. It was intermittently evident in the
1987 data and barely discernible during the 1985 period.

X. Pi and M. Fox (private communication, 1991} sug-
gest that the day-to-day and interannual variabilities that
we report are typical of TEC measurements in the low-
latitude ionosphere during recent solar minimum northern
hemisphere winter conditions. In analyses of TEC measure-
ments from Ramey, Kennedy Air Force Base Florida (28°N),
and Hamilton, Massachusetts (43°N), spanning the 11-year
period 1977-1987, Pi and Fox found, in general, more vari-
ability in TEC during solstice as compared with equinox.
Further, their analyses reveal that the variability observed
at all three stations during January of 1985-1987 was typical
qualitatively and, if anything, below average quantitatively.
Johanson et al. [1978] also investigated solar cycle and sea-
sonal variability in TEC. They reported significant daytime
variability about monthly mean conditions during January
1969 and January 1974 at six separate low- and middle-
latitude locations in the Pacific, American, and European
sectors. However, results of their analyses suggested that
daytime variability tended to peak at the equinoxes dur-
ing both solar minimum and solar maximum conditions. In
light of the aforementioned analyses, we conclude that there
was nothing particularly anomalous about the ionospheric
variability observed at low latitudes in the American sec-
tor during the January 1985-1987 periods. Nevertheless, we
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Fig. 3. ISR determinations of neutral wind along the magnetic meridian over Arecibo (18°N) during January
14-17, 1985 (dashes), January 14-17, 1986 (sclid), and January 27-30, 1987 (dots).






