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Abstract. We examine time series of the daily global power (W) radiated by carbon dioxide (at
15 uwm) and by nitric oxide (at 5.3 wm) from the Earth’s thermosphere between 100 km and 200
km altitude. Also examined is a time series of the daily absorbed solar ultraviolet power in the
same altitude region in the wavelength span 0 to 175 nm. The infrared data are derived from the
SABER instrument and the solar data are derived from the SEE instrument, both on the NASA
TIMED satellite. The time series cover nearly 5 years from 2002 through 2006. The infrared and
solar time series exhibit a decrease in radiated and absorbed power consistent with the declining
phase of the current 11-year solar cycle. The infrared time series also exhibits high frequency
variations that are not evident in the solar power time series. Spectral analysis shows a
statistically significant 9-day periodicity in the infrared data but not in the solar data. A very
strong 9-day periodicity is also found to exist in the time series of daily A, and K, geomagnetic
indexes. These 9-day periodicities are linked to the recurrence of coronal holes on the Sun.
These results demonstrate a direct coupling between the upper atmosphere of the Sun and the
infrared energy budget of the thermosphere.

Introduction
The energy budget of the Earth’s mesosphere and lower thermosphere remains a frontier

of scientific inquiry. In order to obtain a basic scientific understanding of the terrestrial near-
space environment and because of the potential for significant anthropogenic change in this
region [e.g., Roble and Dickinson, 1989], NASA launched the Thermosphere-lonosphere-

Mesosphere Energetics and Dynamics (TIMED) satellite mission in December 2001. The
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SABER experiment on TIMED is designed specifically to observe and quantify the energy
budget through the measurement of key infrared emissions related to radiative cooling
[Mlynczak, 1996; 1997]. The SEE instrument measures ultraviolet energy radiated by the Sun
and relevant to the thermospheric energy balance [Woods et al., 2002]. The SABER and SEE
data sets now exceed five years in length, offering a unique opportunity to study the climate and
variability of the Earth’s upper atmosphere. In this paper we present analyses of time series of
radiated infrared power and absorbed solar power derived from TIMED measurements starting in
January 2002 near solar maximum through December 2006 near solar minimum. These data
demonstrate a strong coupling between the Sun, the Earth’s geomagnetic environment, and the
energy budget of the thermosphere. They are also the first long-term record of the main
parameters that determine thermospheric climate, enabling fundamental tests against numerical
models.
Methodology

We present calculations and analyses of the radiative energy in the atmosphere between
100 and 200 km altitude. Specifically we use the SABER data to compute the infrared radiated
power (W) due to emission from nitric oxide (NO) at 5.3 um and due to carbon dioxide (CO,) at
15 um. Similarly, we compute the absorbed power in the ultraviolet portion of the spectrum from
0 to 175 nm using data from the SEE instrument. The result of our calculations is the power
radiated or absorbed, integrated over the entire Earth, for each individual day since the
operational start of the TIMED mission in January 2002. The details of the calculation approach
for NO are given in Mlynczak et al. [2005, 2007a]; for CO, in Mlynczak et al., [1999]; and for
the solar ultraviolet power in Mlynczak et al., [2007b]. Briefly, the power radiated by CO, is

obtained by vertically integrating the radiative cooling rates derived during the SABER



temperature retrieval process [Mertens et al., 2004] and available as a standard data product. At
present we include only the fundamental v, band of CO, which accounts for ~95% of the CO,
emission. The power radiated by NO is obtained by vertical integration of the observed volume
emission rate of energy followed by zonal and meridional integrations. In the case of solar
power, we assume all radiation from 0 to 120 nm is absorbed, but we specifically compute the
absorption in the 120 to 175 nm region. We choose 175 nm as a cut-off because it corresponds to
the end of the Schumann-Runge continuum and because the atmosphere is essentially transparent
above 100 km at longer wavelengths. The calculations presented here rely on versions 1.06 and
1.9 of the SABER and SEE data sets, respectively.
Results

Shown in Figure 1a are the time series of daily radiated power by CO; (blue curve) and
NO from January 2002 through December 2006. In both CO, and NO two features are evident
upon examination: substantial short-term (day-to-day) variations in the emitted power and a
general decrease in the radiated power with time. In Figure 1b we show the time series of
absorbed solar power (between 0 and 175 nm, blue curve) and the total (NO plus CO,) infrared
power. At present we have not included the infrared power from atomic oxygen at 63 um as the
TIMED satellite does not observe it. Clearly evident from visual inspection of Figure 1b is the
long-term decrease in both the radiated and absorbed power. Also evident is substantial high-
frequency variability in the infrared power that is not visually evident in the absorbed solar
ultraviolet energy. There are in fact 10 days in which the emitted infrared power equals or
exceeds the absorbed solar power. These results point to influences on the infrared energy budget

other than from the absorption of solar ultraviolet photons.



Mlynczak et al. [2007b] began the examination of the variability of the NO time series
(January 2002 through August 2006). They attributed the long-term decrease in NO emission to
the decline of the current solar cycle. They also computed the Lomb Normalized Periodogram
(LNP) of the NO time series and noted a statistically significant 9-day periodic feature, but did
not discern its origin. Given the stark differences in appearance of the time series of absorbed
solar power and emitted infrared power in Figure 1b, we continue this analysis by computing the
LNP of the solar and infrared time series and also of the time series of the daily F10.7 solar index
and the daily A, and K;, geomagnetic indexes.

Shown in Figures 2a and 2b are the time series of the F10.7 and K,, indexes, which are
commonly used to assess the level of solar and geomagnetic activity, for the same time span as
the radiated and absorbed power series. Clearly the F10.7 time series most closely mimics the
behavior of the absorbed solar power, both in terms of long-term decrease and shorter-term
variability. The high frequency variability of the K, index (visually) mimics the behavior of the
infrared time series, but there is no clear visual evidence of a long-term downward decrease in
this index. Similar behavior is found in the A, index (not shown). Mlynczak et al. [2007b] noted
that the standard deviation of the annual mean NO power was essentially constant despite a
decrease in radiated power of nearly a factor of 3. Some process clearly is responsible for
maintaining the high-frequency variability of the NO and CO, emitted power. The variability in
the A, and K, indexes is suggestive of continuous, prompt coupling between the infrared energy
budget and the geomagnetic environment, previously seen in major geomagnetic storm events
[Mlynczak et al., 2003; 2005]

Following Mlynczak et al. [2007b] we compute the LNP for the time series presented

above. Presented in Figures 3, 4, and 5 are the LNP for the NO, CO,, and the K, indexes.



Indicated in all figures are the 95% and 50% significance levels. The LNP for both infrared
series exhibit a large 60-day peak corresponding to the yaw period of the TIMED spacecraft. The
LNP for the NO time series exhibits a series of peaks near 450, 300, and 200 days that exceed
the 95% confidence limit. There are also significant peaks at 34.5 days and at 9 days. In addition
a number of small peaks occur in the LNP with periods ranging from 2 to 30 days, including
peaks at 13.5 and 6.75 days. We note the 13.5, 9, and 6.75 day periods correspond to exact
fractions of the 27-day solar rotation period.

The LNP for the CO, time series exhibits peaks at 360, 180, and 90 days that correspond
to annual, semi-annual, and seasonal variability. The LNP for CO, also exhibits a peak at 9 days
that is just below the 50% significance level. A smaller peak at 27 days is also evident. We
suggest that the strength of the 9-day periodicity may be influenced to some extent by the
approach used in the generation of the SABER infrared cooling rates. Specifically, the CO,
abundance is measured directly by SABER in the daytime (from CO; emission at 4.3 um) but at
night a seasonal climatology of CO; is used as the 4.3 um signal essentially vanishes at night due
to the absence of solar excitation. This will influence the retrieval of temperature and cooling
rates and may thereby suppress the 9-day periodicity. Nevertheless, the cooling rates and
computed power are always consistent with the measured radiances at 15 um. Subsequent
versions of the SABER data set will improve the retrieval of CO; at night and the influence of
the nighttime CO, abundance will be examined then in more detail. The strength of the 9-day
feature in CO, may also be smaller due to the fact that it originates in a lower and denser region
of the thermosphere than the NO emission and may not be as subject to the effects of particle

precipitation.



The LNP for the absorbed solar power and the F10.7 index (not shown) are similar to
each other. Significant periodic features in the absorbed solar power occur near 27 days, 150
days, and 300 days. The LNP for the F10.7 index has peaks at 27, 150, 200 and 300 days, all
exceeding the 95% significance level. The 200 and 300-day peaks are also present in the NO
LNP power spectrum. There is no spectral power for periods shorter than ~20 days in the time
series of absorbed solar ultraviolet radiation and of the F10.7 index.

The LNP for the K, index (Figure 5) exhibits almost completely opposite behavior to that
for the absorbed solar power and the F10.7 index. The LNP for the K, index (and the A, index
not shown) exhibit no statistically significant peaks (greater than 50%) longer than the 27-day
solar rotation period. The LNP for the these two indexes exhibit peaks of 27, 13.5, 9, 6.7, 5.4,
and 3.85 days, which are all exact fractions of the 27-day solar rotation period. The 9-day peak is
largest in the LNP of both A, and K,,. The presence of the 9-day peak in the geomagnetic indexes
and in the emitted infrared power implies a strong coupling between the geomagnetic
environment and the infrared energy budget of the thermosphere.

Discussion and Summary

The LNP calculations presented above provide compelling evidence for strong, prompt,
and continuous coupling of the geomagnetic environment to the thermal structure and chemical
composition of the thermosphere, which in turn modulates the strength of the infrared emission
and radiative cooling of the thermosphere. Such coupling, previously reported in large
geomagnetic storm events [e.g., Mlynczak et al., 2003, 2005], now appears to be a fundamental
process, providing a continuous and significant influence on the thermospheric energy balance,

and hence, thermosphere structure and climate.



The origin of the 9-day periodicities in the geomagnetic indexes and in the infrared
energy budget is of considerable interest. We note that 9-day periodicities have been observed in
the occurrence of high-speed solar wind events [Verma and Joshi, 1994]. Recently, Temmer et
al. [2007] have shown conclusively that a 9-day periodicity exists in the occurrence of coronal
hole features on the Sun in the 1998-2006 timeframe. The 9-day periodicity arises from a
“triangular” distribution of coronal holes approximately 120 deg apart in solar longitude. Thus
the 27-day solar rotation period brings coronal holes in view of the Earth every 9 days.

The solar coronal holes influence the energy balance in the thermosphere through the
modulation of the solar wind and hence the deposition of energetic particles into the
thermosphere. These in turn alter the thermal structure and chemical composition of the
thermosphere thereby changing the infrared emission intensity. We therefore conclude that the
periodic variation of the coronal hole features is modulating the solar wind, influencing the
amount of energy deposited into the thermosphere, and is responsible for the observed 9-day
periodicity in the infrared emissions. These results strongly suggest a direct coupling between the
solar corona and upper atmosphere of the Sun and the energy balance in the upper atmosphere of
the Earth.

Finally, the prompt nature of the infrared response raises two questions. First, by what
mechanisms are the NO and CO, emissions driven so rapidly? Second, what is the anticipated
response of the radiative cooling by atomic oxygen (O) at 63 um that is also important in the
thermosphere? As discussed previously [Mlynczak et al., 2005] the primary mechanisms by
which the infrared emission can be altered are changes in temperature, changes in abundance of
NO and CO,, and changes in the atomic oxygen concentration that drives the NO and CO,

emissions through collisional energy transfer. The NO 5.3-um emission is 2.8 times more



sensitive to temperature changes than CO, 15-um emission and 11.8 times more sensitive to
temperature than O 63-um emission. The NO abundance is also quite variable and can increase
greatly during geomagnetic events. In contrast, it is unlikely that the abundance of CO, would
increase during a geomagnetic event, as there is no ready source of carbon in the thermosphere.
Atomic oxygen can increase if there is destruction of molecular oxygen during an event. Thus we
speculate that the NO emission changes are due to a combination of temperature, composition,
and atomic oxygen changes while CO, emission changes are primarily due to changes in
temperature and atomic oxygen. The atomic oxygen emission 63 wm is substantially less
sensitive to temperature and thus would require changes in its abundance to markedly change its
emission rate.

The SABER data offer the first global, long-term look at the radiative cooling of the
thermosphere. The data provide fundamental information on the natural variability of the
atmosphere on time scales from days to years. Future research with these data will focus on the
ability of thermospheric general circulation models to replicate the observed variability. This is a
necessary first step to achieving improved quantitative predictions of the effects of
anthropogenic increases of carbon dioxide on the thermosphere. In addition we must also
investigate in detail the latitudinal variations of the periodic features, again on short and long
timescales. It might be expected, for example, that the periodic features would be strongest
nearest the geomagnetic poles where the particle precipitation is the greatest. Parameterizations
of the infrared emissions and their variations in terms of F10.7, A,, and K, should also be

developed.
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Figure 1a. Time series of daily global radiated power from the thermosphere (100-200 km) from
NO and CO; from January 2002 through December 2006.
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Figure 1b. Time series of daily global absorbed solar power (0 to 175 nm) and radiated infrared
(IR) power (CO; plus NO) in the thermosphere from January 2002 through December 2006.
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Figure 2a. Time series of daily average F10.7 index from January 2002 through December 2006.
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Figure 2b. Time series of daily average K, index from January 2002 through December 2006.

12



Lo‘rlrlllb‘ Pgri‘odo]g‘ya;r} Mqasulred NO E’ower

40} " A

30

20 F

Power

10F

| LI T

1000 100 10 1
Period (days)

Figure 3. Lomb normalized periodogram of the NO power time series shown in Figure 1a.
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Figure 4. Lomb normalized periodogram of the CO, power time series shown in Figure 1b.
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Figure 5. Lomb normalized periodogram of the daily average K, index time series.
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