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Abstract. Joule heating dissipation is an important form of magnetospheric energy input that is responsible for many chemical and dynamical variations in the thermosphere. One of such thermospehric variations is the dramatic increase of nitric oxide (NO) density, and thus radiative emission by NO, during geomagnetic storms. In this paper we show, for the first time, a quantitative assessment of the relationship between global Joule heating power and NO radiative cooling power. It is found that, when averaged over a time interval of 24 hour along with a time lag of 10 hours, global Joule heating becomes closely correlated with global NO power. On average, the energy release by NO 5.3 m infrared emission accounts for ~80% of Joule heating energy input. We also present in this paper our first attempt to parameterize global NO power using the Kp and F10.7 indices. The predicted NO power based on this parameterization reproduces many features in the observed global NO power by the SABER instrument over a 7-year period from 2002-2008. Overall, the predicted global NO power correlates reasonably well with the SABER measurements, with a correlation coefficient of 0.87. 

1. Introduction

Infrared radiative emission by carbon dioxide (CO2) and nitric oxide (NO) gases is the primary energy output in the thermosphere that counteracts the energy input from the Sun via solar irradiance and from the magnetosphere in the forms of Joule heating and energetic particle precipitation. While energy input from the Sun and from the magnetosphere heats up the upper atmosphere, radiative emission by CO2 and NO acts to cool it down. The resulting net energy deposition is the controlling factor of thermospheric temperature and density, which are the two main indicators of near-earth space environment. Therefore, a quantitative understanding of thermospheric energy balance, even on a global scale, is of practical importance to low-earth orbiting spacecraft operation.

Although the total energy release by CO2 radiative emission is grater, its cooling effect is considered to be the main cause of long-term global thermospheric change on a time scale of solar cycle and season. In contrast, NO reacts more promptly to the incident energy input from the magnetosphere that often varies in a much shorter time scale. As a result, NO cooling plays a more important role in regulating thermospheric temperature under short-term disturbed conditions such as geomagnetic storms. It has been postulated that NO radiative cooling serves as a “natural thermostat” to the thermosphere [Mlynczak et al., 2003]. However, it is still not clear how effective this thermostat effect is in terms of its response time and the ratio of its energy release with respect to energy input.

The Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) instrument onboard the Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite has made continuous measurements of infrared emission by CO2 and NO over the past seven years. These measurements have greatly improved our understanding of thermospheric energetics [e.g., Mlynzcak et al., 2003; 2005; 2007; 2008]. However, a quantitative assessment of global thermospheric energy budget is yet to be determined.

In this paper we present a data-model comparative study based on the SABER measurements along with the numerical simulations from the Thermosphere-Ionosphere Electrodynamic General Circulation Model (TIEGCM). We will examine in detail the relationship between Joule heating energy input and NO radiative energy output during six selected geomagnetic storms. The main goal of the study is to obtain a quantitative discreption of global power by NO infrared emission based on some readily available geophysical indices.

2. Observations, Simulations, and Parameterization of Global NO Cooling Rate

2.1 NO and CO2 Cooling Rates from TIMED/SABER

The SABER instrument is designed to observe and quantify the thermospheric energy budget by measuring the key infrared emissions from NO at 5.3 m and from CO2 at 15 m [Russell et al. 1999]. SABER obtains the vertical profiles of NO and CO emission rate from limb scans from 400 km tangent height down to ~20 km in equivalent height, and approximately 1600 vertical profiles are recorded each day that cover a wide range of latitudes and longitudes at fixed local times. The global NO and CO2 cooling powers are obtained by vertically integrating the corresponding emissions and sorting them into 5° latitude bins, and then summing over all latitude bins. The altitude range of the vertical integration is chosen from 100 km to 200 km since emissions away from that altitude range account for only a small fraction of the total global power (see Mlynczak et al. [2005; 2007] for more details on SABER data retrieval processes).

2.2 Solar EUV and UV flux from TIMED/SEE

The Solar EUV Experiment (SEE), an instrument also onboard the TIMED satellite, measures solar spectral irradiance from 0.1–194 nm [Woods et al., 2005]. It consists of two types of instruments: the EUV Grating Spectrograph (EGS) component covers wavelengths from 27–194 nm with a spectral resolution of 0.4 nm and the X-ray Photometer System (XPS) component covers wavelengths from 0.1–34 nm with nine photometers, yielding effective spectral resolution of 5–10 nm. The latest version 10 SEE data products include several updates, notably the improvement of the solar spectral model for interpreting the XPS measurement, which is particularly important during solar flares. Other improvements are … (need inputs from Tom Woods).

2.3 Model Description

The NCAR TIEGCM [Richmond et al., 1992] is a first-principles upper atmospheric general circulation model that solves the Eulerian continuity, momentum, and energy equations for the coupled thermosphere/ionosphere system. It utilizes a spherical coordinate system fixed with respect to the rotating Earth, with latitude and longitude as the horizontal coordinates and pressure surfaces as the vertical coordinate. It has 27 constant-pressure levels vertically extending from 97 km to ~700 km in altitude. The external forcing of the TIEGCM model includes (1) solar spectral irradiance in EUV and UV range which can be obtained either from the TIMED/SEE measurements or from the proxy model of Richards et al. [1994], (2) geomagnetic energy input in the form of auroral energetic particle precipitation and ionospheric convection driven by the magnetosphere-ionosphere current system and (3) the amplitudes and phases of tides from the lower atmosphere based on the Global Scale Wave Model (GSWM) [Hagan and Forbes, 2002]. 

The Assimilative Mapping of Ionospheric Electrodynamics (AMIE) data assimilation algorithm was first developed at HAO/NCAR in 1988 [Richmond and Kamide, 1988], and since then it has been undergoing continuous improvement in terms of its spatial resolution and its ability to ingest new types of data. The objective of the AMIE algorithm is to obtain optimal estimates of high-latitude ionospheric electrodynamic fields by combining various direct and indirect observations of these fields. Along with the ionospheric convection patterns, distributions of height-integrated ionospheric horizontal currents, field-aligned currents at the top of the ionosphere, auroral energy flux and characteristic energy, and Joule heating are also obtained. For the selected storms studied here, the data inputs to AMIE were obtained from multiple DMSP and NOAA satellites, the SuperDARN radar network, and a worldwide network of ground magnetometers (see Lu et al. [1998; 2001] for more detailed information on data processing in AMIE). Auroral precipitation and Joule heating are the two main forms of magnetospheric energy input into the upper atmosphere. In this study the AMIE outputs of convection and auroral precipitation patterns in the northern and southern hemispheres are used as the upper boundary inputs to drive the TIEGCM in order to simulate more realistically thermospheric response to geomagnetic storms. The coupled AMIE-TIEGCM is run in a 100-second time step, and the model outputs are recorded every 5 minutes.

2.4 Results

Figure 1 shows the daily global power of infrared emission from CO2 at 15 m (in blue color) and from NO at 5.3 m (green) observed by the SABER instrument from 2002 to 2008. Also shown in Figure 1 are the daily values of the solar EUV flux measured by the SEE instrument in a wavelength range of 0.1-175 nm (red) and the F10.7 index (gray). For guidance, the black dashed lines are the least squares fitting to the corresponding parameters. There is a clear downward trend in both NO and CO2 power, consistent with the downward trend of the solar flux intensity during the declining phase of solar cycle 23. It is worth of pointing out that, while the F10.7 index represents reasonably well the general features of the SEE solar EUV flux, there is quantitative difference between them. The F10.7 index does not seem to be able to capture the variability in solar EUV flux as measured by the SEE instrument at solar minimum. Furthermore, the F10.7 trend is flatter than the SEE flux trend over the 7-year period. In addition to the solar cycle variation, there is an evident seasonal variation in the CO2 cooling rate. Moreover, the global daily cooling rates, especially NO cooling, exhibit many spike-like structures. A closer examination reveals that this short-term variability is indeed caused by geomagnetic storms. Six of such storm events are marked, for which we have carried out detailed AMIE and TIEGCM analysis. The SABER observations indicate that during storms infrared emission by NO is significantly increased, and it is the dominant cooling process to shed the excessive energy input from the magnetosphere. In comparison, the increase in CO2 infrared emission is more modest. In a detailed study of the April 2002 storm, Mlynczak et al. (2005) found that energy loss from CO2 emission was only 2.3% that of NO. 

To further examine the dependence of NO cooling rate on solar EUV flux, Figure 2 shows the scatter plots of SABER NO power versus the F10.7 index and the SEE flux (or Cx for short), respectively. To exclude storm-time enhanced NO emission, we only take into account the SABER NO power that is within 150 GW of its 30-day running average. In each panel the gray line represents the least-squares fit of the daily global NO power to the daily solar flux, and  is the standard deviation of the fitting. The fitting results show that SEE EUV flux has a slightly better correlation as well a smaller standard deviation with the non-storm time NO power.

As noted in Introduction, NO infrared radiative cooling is the primary mechanism that regulates thermospheric temperature through rapid release of storm-time energy deposition into the thermosphere from the magnetosphere via Joule heating and auroral precipitation. Both Joule heating and auroral energy dissipation display high temporal and spatial variations, especially during geomagnetic storms. The SABER observations, on the other hand, provide global cooling rates only on a daily basis. In order to better quantify the relationship between the magnetospheric energy input and the radiative energy loss in thermosphere we resort to the AMIE-TIEGCM simulations that have a much higher cadence of 5 minutes.

Figure 3 show the thermospheric response to the January 2005 storm from the coupled AMIE-TIEGCM simulations. Both Joule heating and auroral power have been integrated over the northern and southern hemisphere. The modeled NO and CO2 powers are integrated over the two hemispheres and from 100 km to 200 km in altitude in order to commensurate with the global power derived from the SABER measurements. A number of features are easily discernible from the plot: (1) Joule heating is the dominant form of magnetospheric energy input into the thermosphere, and it is about 2~3 times larger than auroral energy input during active times; (2) there is a prominent increase in NO cooling following the Joule heating enhancement whereas the increase in CO2 cooling is relatively modest despite the fact that the overall CO2 power is twice as large as the NO power; and (3) there is a time lag in NO cooling in response to Joule heating. Compared to the SABER observations, the modeled NO cooling rate agrees very well with the daily NO power from SABER. For the CO2 cooling rate, the observations and the simulations show the similar percentage increase during the storm (which is ~20% over its quite-time background) but the absolute value of the modeled CO2 cooling rate is about one half of the SABER-derived CO2 power. A couple of facts may be attributed to the discrepancy. First, different CO2 and atomic oxygen collision rates are being used in the model and in the SABER retrieval process. The TIEGCM applies a value of 1.5x10-12 cm3 s-1 for the rate coefficient based on laboratory experiment [ref] while the SABER inversion algorithm uses a rate coefficient value that is four times larger at 6x10-12 cm3 s-1. A test run utilizing the same rate coefficient of 1.5x10-12 cm3 s-1 in the SABER inversion algorithm, however, yields only a slight decrease in the resulting CO2 cooling power. Conversely, had the TIEGCM doubled the rate coefficient, it would have given a CO2 cooling power comparable to the SABER data but with a much cooler thermosphere that becomes incompatible with empirical models such as the the Mass Spectrometer and Incoherent Scatter Radar Model (MSIS) [Picone et al., 2002]. It is yet to be determined what is the most proper value for the rate coefficient in the model. Such model validation is beyond of scope of this paper, and should be addressed in future study. Second, the retrieval of the SABER CO infrared radiative power replies on the information of thermospheric temperature and the abundance of atomic oxygen [Mlynczak et al., 2005]. (more information from Marty and Ray). For these reasons, along with the fact that infrared radiative cooling by NO is the dominant cooling process during geomagnetic storms, the rest of the paper will focus on the NO cooling rate.

The top panel of Figure 4 shows the distributions of Joule heating and the modeled NO cooling power during the October 2003 storm. In searching for the most probable relationship between Joule heating and NO cooling, cross correlation analysis has been carried out. The bottom panel shows the distributions of cross correlation coefficient with varying time lags between Joule heating and NO cooling. The different lines correspond to the different averaging Joule heating, ranging from 1 hour to 3 days. The analysis yields the best correlation between Joule heating and NO cooling when Joule heating is averaged over 18 hours and NO cooling lags behind Joule heating by 8 hours, and the maximum correlation coefficient reaches 0.95. The dashed line in the top panel is the Joule heating rate that has been averaged over 18 hours and also time shifted by 8 hours. Overall, the shifted Joule heating matches reasonably well with the NO cooling power. The shifted Joule heating shows an increase of magnitude from ~100 GW prior to the storm to ~1100 GW during the storm. In comparison, NO cooling increases from ~300 GW at pre-storm to ~1100 GW during the storm. This implies that NO cooling power during the storm accounts for about 80% Joule heating enhancement. We perform the similar cross-correlation analysis for all six storms selected for this study, and the fitted parameters are listed in Table 1. Based on the values in Table 1, we have chosen a proper lag time of 10 hours and a time of 24 hours for averaging Joule heating. The ratio of NO cooling change to Joule heating enhancement varies from 0.78 to 0.83 for the six storm events. For convenience, we select a scaling factor of 0.80 as the fraction of Joule heating that is being released by NO through infrared radiative emission.

The relative high cross correlation coefficient shown in Table 1 is an assurance that the global NO cooling power can be reasonably specified based on global Joule heating energy input. However, the calculation of global Joule heating power is not a trivial task; it requires the use of comprehensive data sets from various space and ground based instruments [e. g., Lu et al. 1996].  For the purpose of space weather specification, it is highly designable to estimate global Joule heating power using readily available geophysical indices. Figure 5 shows the scatter plot of Joule heating versus the Kp index for all six storms. The solid line represents the least squares fitting to a power-law function, and  is the standard deviation to the fitting. Together with the fitting of non-storm time NO power shown in Figure 2, we obtain the following formulation for the total global NO power in GW:
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where t0 (=10 hour) is the lag time, the horizontal bar denotes that the terms under which have to be averaged over 24 hours. The value of 0.8 right before the second [] term corresponds to the scaling factor of Joule heating to NO power, and the reference value of 64.6 is to offset the average non-storm time Joule heating rate. Figure 6 shows the comparison of the predicted NO power from Eq. (1) with the modeled and SABER observed NO power for the six storm events. The predicted NO power is in reasonable agreement with the modeled NO power. The daily averaged NO power from the prediction and model simulations are both in line with the SABER measurements for most storm events. But the predicted and modeled NO powers are somewhat smaller than the SABER NO power on Day 324-325 of 2003, and becomes about twice as large on Day 254-255 of 2005. To explore the possible cause of such discrepancy between the simulations and observations, Figure 7 shows the global maps of modeled NO energy flux at selected UT times on 20 November 2003 (or Day 324 of 2003) and on 11 September 2005 (or Day 254 of 2005), respectively. The latitude and longitude locations of the SABER measurements projected to an altitude of 130 km are indicated with the filled small circles, and the color of each circle corresponds to the measured NO flux intensity. During the November 2003 storm, SABER was in a suitable position to observe the main NO enhancement, particularly in the northern hemisphere. In the southern hemisphere the modeled NO flux shows a reasonable agreement with SABER measurements along the satellite track but with a slight smaller magnitude. In the northern hemisphere the SABER measurements indicate a broader zone of enhanced NO flux than the simulations have shown, which is about 10 degrees further equatorward on the nightside and 20 degrees on the dayside. In addition, the observed NO flux on the dayside was much larger than the simulated NO flux. The smaller region of enhanced NO along with its smaller magnitude implies that the Joule heating input in the northern hemisphere may have been underestimated in the model during this particular storm. In the case of September 2005 storm, while the satellite trespassed the southern polar region, its trajectory in the northern hemisphere barely skimmed the equatorward edge of the auroral zone and therefore had missed the majority of NO enhancement during the storm.

As shown in Figure 2 the SEE solar EUV flux does correlate slightly better with the SABER NO power than the F10.7 index under non-storm conditions. Therefore, an alternative formula for the total NO cooling power in GW can be written as follows:
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Figure 8 shows the comparison of the SABER NO power with the predicted NO power over the 7-year period from 2002 to 2008. Although far from perfect, it appears that the NO powers predicted from Eqs. (1) and (2) have reproduced many observed features in the daily global NO power as measured by SABER, including the downward trend associated solar cycle effect and the short-term excursions due to storm effect. Figure 9 displays the scatter plots of the measured and predicted NO power, and both formulations yield a satisfactory correlation coefficient of 0.87.

3. Summary and Discussion

In this study we have used to the coupled AMIE-TIEGCM to simulate the global NO cooling power for six selected geomagnetic storms in order to assess quantitatively the relationship between Joule heating energy input and NO radiative energy output under disturbed conditions. Based on the detailed cross-correlation analysis for these storm events, it is found that the global NO cooling power correlates reasonably well with the 24-hour averaged global Joule heating rate along with a lag time of 10 hours. On average, NO cooling power accounts for ~ 80% of Joule heating power during storms. The cross-correlation coefficient between NO power and the averaged and time shift Joule heating is from 0.87 to 0.97. The relatively high correlation led us to carry out the first attempt on the parameterization of global NO cooling power based on the readily available F10.7 and Kp indices. Despite the rather simple formation, it has been shown that the predicted global NO power is able to reproduce many features in the observed NO cooling power by SABER.

Despite its apparent application in near-earth space weather specification, one has to keep in mind a number of caveats associated with this type of simple parameterization of global NO power:

(1) Although the mathematical formulas presented in this paper appears to do an adequate job in predicting the global NO power, it does not provide any information on the spatial structures of NO flux as illustrated in Figure 7 which are also of critical importance to space weather.

(2) Our study has focused primarily on Joule heating input and NO 5.3 m radiative cooling output. While Joule heating is the dominant magnetospheric energy input to the upper atmosphere during geomagnetic storms, energy particle precipitation contributes greatly to the production of NO in the thermosphere and thus the increase of NO radiative emission. For thermospheric energy loss, in addition to NO 5.3 mm emission, radiative emission by other atomic and molecular gases (e.g., CO2 15 m and O 63 m) should also be carefully examined in order to fully understand the thermospheric energy budget.

(3) …
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Table 1. Fitted parameters for selected storm events

	Event
	Apr 02
	Oct 03
	Nov 03
	Nov 04
	Jan 05
	Sep 05

	Corr. Coefficient
	0.87
	0.95
	0.97
	0.95
	0.91
	0.94

	Ave Time (hours)
	25
	18
	21
	21
	24
	23

	Lag Time (hours)
	9
	8
	10
	9
	11
	11
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Figure Captions

Figure 1. Time series of daily solar EUV flux from 0.1-175 nm as measured by the TIMED/SEE instrument (red), the F10.7 index (gray line), and the daily global CO2 15 m (blue line) and NO 5.3 m (green line) radiative power integrated over the altitude range of 100-200 km. The dashed lines represent the least squares fit to the solar flux and cooling power.

Figure 2. Scatter plots of (top) SABER NO power versus the F10.7 index and (bottom) SABER NO power versus SEE solar flux. The solid line represents the least squares fitting to the power-law function as shown in each panel, and  in GW is the standard deviation of the fitting.

Figure 3. Time series of globally integrated Joule heating (black) and auroral power (brown), along with the modeled CO2 15 m (cyan) and NO 15 m (magenta) cooling rate integrated over the altitude range of 100- 200 km to commensurate with the SABER measurements. The SABER daily global cooling powers are shown by the histograms. The plotted interval is for 16-24 January 2005.

Figure 4. (top) Time series of Joule heating power and the modeled NO power over the period from 28 October to 2 November 2003. (bottom) Distributions of the cross-correlation coefficient between Joule heating and the modeled NO power. The different lines correspond to Joule heating whch has been averaged over different time intervals, ranging from 1 hour to 3 days in 1-hour increments. The lag time and averaging time associated with the maximum cross-correlation coefficient are also listed in the bottom panel.

Figure 5. Scatter plot of Joule heating versus the Kp index from all six storm events. The solid line represents the power-law fitting to all data points, and  is the standard deviation of the fitting.

Figure 6. Comparison of the modeled and predicted global NO powers with the SABER measurements for all six storms.

Figure 7. Polar maps of NO flux at selected UT time on (left column) 20 November 2003 and (right) 11 September 2005, respectively. The circles indicate the locations of SABER measurements projected to 130 km altitude. The color of each individual circle corresponds the NO flux intensity measured by SABER.

Figure 8. Comparison of (top) the SABER NO power, (middle) the predicted NO power from Eq. (1), and (bottom) the predicted NO power from Eq. (2). The gray lines in the middle and bottom panels represent the solar contribution to the daily global NO power based on the F10.7 index and SEE solar flux, respectively.

Figure 9. Scatter plots of (top) SABER NO power versus the predicted NO power from Eq. (1) and (bottom) SABER NO power versus the predicted NO power from Eq (2). r is the corresponding linear correlation coefficient, and the solid line indicates a perfect prediction would be otherwise.
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