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Abstract

:

The variation in key parameters of the solar–terrestrial space during two consecutive auroral disturbances (the magnetic storm index, Dst index = −422 nT) that occurred during the 18–23 November 2003 period was analyzed in this paper, as well as the spatiotemporal characteristics of NO 5.3 μm radiation with an altitude around the location of 55°N 160°W. The altitude was divided into four regions (50–100 km, 100–150 km, 150–200 km, and 200–250 km), and it was found that the greatest amplification occurs at the altitude of 200–250 km. However, the radiance reached a maximum of 3.38 × 10−3 W/m2/sr at the altitude of 123 km during the aurora event, which was approximately 10 times higher than the usual value during “quiet periods”. Based on these findings, the spatiotemporal variations in NO 5.3 μm radiance within the range of latitude 51°S–83°N and longitude of 60°W–160°W were analyzed at 120 km, revealing an asymmetry between the northern and southern hemispheres during the recovery period. Additionally, the recovery was also influenced by the superposition of a second auroral event. The data used in this study were obtained from the OMNI database and the SABER (Sounding of the Atmosphere using Broadband Emission Radiometry) infrared radiometer onboard the TIMED (Thermosphere-Ionosphere-Mesosphere Energetics and Dynamics) satellite. Finally, the correlation of NO 5.3 μm radiance at 120 km with temperature, solar wind speed, auroral electrojet index (AE index), and Dst index were analyzed. It was found that only the Dst index had a good correlation with the radiance value. Furthermore, the correlation between the Dst index and radiance at different altitudes was also analyzed, and the highest correlation was found at 170 km.
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1. Introduction


The solar–terrestrial space refers to the region of space that includes the outer solar atmosphere, solar–terrestrial interplanetary space, Earth’s magnetic field, ionosphere, middle and upper atmosphere [1], which is subject to various solar activities such as sunspots and Coronal Mass Ejections (CMEs), as well as coupling among complex interactions between different parts of the solar–terrestrial space. These factors can disrupt the stability of the space environment, leading to disturbances such as geo-magnetic storms and auroras in the Earth’s space environment [2,3], and result in space weather disasters, for instance, the “Carrington event” in 1859 [4] and the collective fall of 40 SpaceX Starlink Satellites in 2022 just before reaching their designated orbit [5]. It is easy to see that the resulting space weather events can cause severe damage to space-based and ground-based systems, with profound effects on human activities [6]; therefore, there is a growing recognition of the importance of learning and warning against space weather disasters.



The aurora is a space weather phenomenon commonly observed in mid-high latitudes but can also be seen in lower latitudes during periods of intense solar activities [7,8]. The aurora originates from solar activity. During periods of increased solar activity, the solar wind, formed by the expansion of the corona, carries high-energy particles. These particles, under the influence of Earth’s magnetic field, travel along magnetic field lines to the upper atmosphere above the polar regions [9]. The components of the upper atmosphere mainly include N2, O2, N and O. After the injection of auroral electrons, the neutral particles dissociate and ionize, while the auroral electrons are deposited gradually, ionizing them and generating large numbers of secondary electrons during the collision with atoms and molecules (mainly N2, O2, and N) [9], as shown by Equations (1)–(3):


    e   p   +   N   2   →   e   p   +   N   2   +   +   e   s    



(1)






    e   p   +   O   2   →   e   p   +   O   2   +   +   e   s    



(2)






    e   p   + O →   e   p   +   O   +   +   e   s    



(3)




where     e   p     is the primary electrons and     e   s     is the secondary electrons. The energy of secondary electrons is small, generally below 200 eV; this energy range can cause the excitation of the electronic states of numerous molecules and atoms, but only the first generation of secondary products can be further ionized [10], which can induce electronic excitations in molecules and atoms, generating a “driving source” for subsequent photochemical reactions.



The photochemical reactions between the components are extremely complex, and the emission spectra range from extreme ultraviolet to the infrared spectral region, where the infrared band radiation accounts for more than 20% of the total emitted energy [10]. Due to their comparatively low photon energy, infrared photons usually cannot directly excite the electronic state of atoms or molecules, but rather rely on collisional excitation arising from photochemical reactions. The primary contributors to infrared radiation emissions are NO, NO+, and CO2. This paper focuses on the characteristics of 5.3 μm radiance in the aurora, where NO infrared radiation at 5.3 μm is the primary thermal equilibrium process in the atmosphere and is an important radiative cooling process in the altitude region of 110–300 km [11,12,13], which is known as the “natural thermostat” [14,15]. The density variation of NO is predominantly determined by latitude, longitude, altitude, and seasonal changes [16,17,18]. Furthermore, it is impacted by X-rays and ultraviolet radiation at low latitudes [17,19]. Specifically, under auroral conditions, the density of NO is also influenced by Joule heating and particle heating in the polar and mid-latitude regions, leading to an increase in kinetic temperature in the polar region [19,20,21]. During aurora and geomagnetic storm, significant amounts of energy and particles are deposited into the Earth’s atmosphere, leading to alterations in its structure, composition, and dynamics. The storm energy dissipates quickly from the atmosphere, and heat balance is achieved through infrared emissions [14,22,23,24].



The cooling process occurs due to the conversion of kinetic energy into radiative energy, which is then released into space and the lower atmosphere [14,15]. Based on satellite observations and auroral infrared detection experiments [25,26,27,28], it has been found that during the auroral disturbance, 5.3 μm radiation mainly derives from the   Δ v = 1   band of NO, as shown in reaction (4):


  N O     X   2   Π , ν = 1   → N O     X   2   Π , ν = 0   + h ν   5.3   μ m    



(4)







The radiation emission of NO 5.3 μm mainly results from the fundamental transition between adjacent vibrational levels. Under static atmospheric conditions, the inelastic collision between nitric oxide and atomic oxygen primarily generates this radiation [12,29,30], although N2 and O2 also contribute, but to a lesser extent [31]:


  N O   ν = 0   + O → N O   ν = 1   + O  



(5)







This reaction is a non-elastic collision process with a reaction rate of (4.2 × 0.7) ×10−11 exp(−2700/T) cm3/s [32,33], making it the primary source of   N O   ν = 1     in the altitude regions of 110–300 km.



Under auroral disturbance conditions, in addition to the reaction (5), another main source of excited-state NO arises from collisions between O2 and N(2D,4S) [10,34,35]:


  N (   S          4   ) +   O   2   → N O   ν   + O  



(6)






  N     D          2     +   O   2   → N O   ν   + 0.9 O (   D          1   ) + 0.1 O  



(7)







The rate of reaction (6) is (1 × 10−12) exp(-3220/T) cm3/s, and the rate of reaction (7) is (7.4 × 10−12) (T/300)0.5 cm3/s; both are temperature-dependent.



During auroral events, the temperature of the Earth’s thermosphere can increase by several hundred Kelvin due to the energy deposition, and this significant temperature rise can be effectively controlled through radiative cooling processes, as described in the reactions (4) above. Therefore, further exploration of the spatiotemporal variability in NO infrared radiation at 5.3 μm from the perspective of radiance can provide theoretical support for predicting changes in the auroral parameters caused by disturbances. On the other hand, the enhanced infrared band during an auroral disturbance serves as vital background radiation for various meteorological satellites and spacecrafts. Therefore, studying the important infrared radiation components during auroral disturbance is also crucial. In-depth analyses conducted by Mlynczak et al. [14,15] on the enhanced NO 5.3 μm infrared radiation detected by SABER in April 2002 provide a basis for studying the infrared response of thermosphere to strong disturbance events. More recently, Bag et al. [36] and Li et al. [37] investigated the asymmetry of NO 5.3 μm radiance between the Northern and Southern hemispheres and its correlation with various factors. Bag et al. [38] analyzed SABER radiation data to investigate the latitudinal and longitudinal variations in cooling rates at the NO 5.3 μm during the unusual disturbance period in 21–22 January 2005, and examined how radiation cooling rates responded to the anomalous event.



This paper includes four sections. The motivation and main purpose of this paper are briefly introduced in Section 1. The datasets used in this study are described in Section 2. The spatiotemporal variations of NO 5.3 µm radiance during auroral processes and their correlation with temperature, solar wind speed, AE index, and Dst index are mainly discussed in Section 3. Finally, we summarize the article in Section 4.




2. Data Description


2.1. Solar–Terrestrial Space Environmental Parameters


The OMNI database is a standardized collection of data on the space environment around the Earth, including solar activity and geomagnetic measurements [39,40]. The database was compiled from measurements made by multiple satellites, including ACE, WIND, IMP-8, Geotail, and ISEE-3 [40,41]. The database is available in two parts, Low- Resolution OMNI (LRO) and High-Resolution OMNI (HRO), with a high level of reliability and temporal resolution that can reach up to 1 min [42,43]. In this study, we used hourly data from the OMNI2 database for four key parameters of the space environment around the Earth during 18–23 November 2003, including the solar wind speed (Vsm), the north–south component of the interplanetary magnetic field (IMF BZ), the magnetic storm index (Dst index), and the auroral electrojet index (AE index). Detailed descriptions of the dataset and download instructions can be found at https://omniweb.gsfc.nasa.gov/omniweb (accessed on 27 August 2003).




2.2. Nitric Oxide Infrared Radiative Emission


In July 2001, NASA launched the TIMED satellite, which carried the SABER, a ten-channel broadband limb-scanning infrared radiometer, covering a spectral range of 1.27–17 μm [44]. SABER scans once every 58 s to obtain vertical profiles of atmospheric constituents, such as NO, CO2, O3, H2O, NO, O2, and temperature from the surface to an altitude of 180 km [23,45,46]. In one orbit, SABER covers latitudes from 53° in one hemisphere to 83° in the other, with an asymmetric hemispheric coverage [46,47,48]. SABER collects 24 h of data every 60–65 days [14,44], covering 15 longitude bands each day, and measures radiance (W/m2/sr) within the tangent height range of approximately 20 to 400 km with a vertical resolution of 2 km [49]. It measures 10 emissions, including two primary coolants, NO 5.3 μm and CO2 15 μm [23,36,50], and measuring radiance. During the aurora period reported here, we used SABER version 2.0 data about NO 5.3 μm during 18–23 November 2003.





3. Results


3.1. The Aurora Event during 18–23 November 2003


A global severe geomagnetic storm (Dst-index ≤ −200 nT) occurred during 18–23 November 2003, producing intense auroral events. The temporal variations in key space weather parameters such as Vsm, IMF BZ, Dst index, and AE index during this period are shown in Figure 1.



Figure 1 shows that the solar wind speed began to decrease continuously from 18 November, and reached its lowest value of 441 km/s around 02:00 UT on 20 November.



From 18 November, the solar wind speed continuously decreased and reached its lowest value of 441 km/s around 02:00 UT on 20 November, as shown in Figure 1. During this period, the IMF BZ and Dst-index remained relatively stable, while the AE index showed small fluctuations, but also remained relatively stable. Thus, the solar wind speed significantly increased and reached its first peak of 699 km/s around 09:00 UT on 20 November, carrying the IMF BZ to the Earth’s magnetosphere and reconnecting with the geomagnetic field. The high-energy particles carried by the solar wind injected into the atmosphere along the magnetic field lines, colliding with the atoms and molecules of the upper atmosphere. This collision caused the ionization and excitation of neutral components, triggering reactions (1)–(3).



Subsequently, the Dst index rapidly decreased, marking the entry of the magnetic storm into the main phase. Within a short period, a significant change in the AE index values was observed, with an overall upward trend after fluctuating greatly from its minimum value of 40 nT around 02:00 UT on 20 November, and reaching a maximum value of 1698 nT around 16:00 UT on the same day. Within 14 h, it increased by a factor of 42, indicating the occurrence of a strong aurora [51] during this period. The IMF BZ reached its lowest value of −45.6 nT around 16:00 UT on 20 November, and the Dst index reached its lowest value of −422 nT between 20:00 UT and 21:00 UT on the same day, indicating that this was an extreme magnetic storm event [36]. Subsequently, the solar wind speed gradually decreased, signifying the entry of the magnetic storm into the recovery phase. On 23 November, the IMF BZ, Dst index, and AE index gradually returned to a quiet level. It is worth noting that at around 12:00 UT on 22 November, the AE index displayed a gradually increasing trend, reaching 1296 nT, presumably due to a small peak in the solar wind speed (580 km/s) around 11:00 UT on the same day.




3.2. Variations in Infrared Radiance at NO 5.3 µm


After determining the timing of the auroral event, we selected 32 datasets obtained from measurements performed by the SABER instrument using Channel 6. This particular channel primarily captures the NO 5.3 μm radiation. The measurements were taken at approximately 55°N 160°W, spanning around 23:00 UT on 18 November to 18:00 UT on 23 November. By employing the limb sounding technique with SABER, which integrates the measurement path radiance along the line of sight, it was evident that the majority of the radiance contribution originated from the radiation at the tangent point. Hence, we plotted the temporal variations in radiance within the altitude range of 50–250 km at the tangent point. Figure 2 illustrates the observed changes in radiance over time. Due to the transition of SABER from the “north-view” mode to the “south-view” mode on 23 November, there were no available data after 18:00 UT near this time point. Additionally, SABER provided only a single orbital measurement on 18 November, resulting in an absence of data prior to 23:00 UT.



As shown in Figure 2, the NO 5.3 μm radiance was in a quiet period during 19 November, with the average radiance value of 1.41 × 10−4 W/m2/sr throughout the entire altitude region. The radiance value first reached its peak at around 120 km altitude after 12:00 UT on 20 November due to the disturbance caused by the aurora. It then gradually extended to other altitudes and elevated upward to 250 km by 22:00 UT, with a radiation enhancement spanning 50 to 250 km. The maximum radiance across the entire altitude region reached 3.38 × 10−3 W/m2/sr at 08:00 UT on 21 November of 123 km altitude, which was about 10 times larger than the average value during quiet periods. Thereafter, the radiance outside the altitude region of 100–125 km gradually decreased, while the radiance within this range remained high. This can be attributed to the dependence of reaction rates on temperature for NO (v = 1) [32,52,53], despite the peak density of NO (v = 0) being concentrated around 105 km [19]. As a result, the radiance enhancement first appeared around 120 km and remained at a high level for about 40 h in this range. By 10:00 UT on 22 November, the entire altitude region returned to the quiet period level. However, at 18:00 UT on 22 November, the radiance suddenly increased again at around 120 km altitude and expanded within an approximately 20 km altitude region. Although the extent and intensity of this second auroral event were smaller than the first one, the radiance still reached 9.85 × 10−4 W/m2/sr at 13:00 UT on 23 November, about 7 times higher than the average value during quiet periods. This observation is consistent with the variations observed in the space environmental parameters in Figure 1, which were caused by a “little peak” in the solar wind speed on 22 November and the occurrence of a relatively weaker “secondary aurora” detected by the AE index around 16:00 UT on 23 November. Additionally, a trend of radiance recovery was observed after 17:00 UT on 23 November, despite the lack of data.



Preliminary statistical analysis was conducted on the radiance data of Figure 2 by dividing the heights equally into four altitude regions: 50–100, 100–150, 150–200, and 200–250 km. The standard deviation (STD), minimum (MIN), and maximum (MAX) values of the radiance in these four height ranges were analyzed, and the results are shown in Table 1 and the dot-line chart in Figure 3.



The two charts presented above show that during the aurora event, the radiance values reach their peak at an altitude range of 100–150 km. This range exhibits a maximum value of 3.38 × 10−3 W/m2/sr and a standard deviation of 6.85 × 10−4 W/m2/sr, indicating a higher degree of variability in radiance values at these heights. The most significant amplification, however, occurs at altitudes of 200–250 km. During quiet periods, the NO 5.3 μm radiance values in this range are considerably lower than those at other heights. Following the auroral disturbance, these values increase from 1.89 × 10−9 W/m2/sr to 4.54 × 10−4 W/m2/sr, exhibiting a difference of approximately five orders of magnitude. Notably, the maximum radiance values between altitudes of 50–200 km are approximately equal. This similarity suggests that the attainable radiance values at their maxima are constrained by temperature and particle concentration-dependent photochemical reactions.




3.3. Longitudinal and Latitudinal Distribution Characteristics of NO 5.3 μm Limb Radiance Values at a 120 km Tangent Point Height


In order to enhance data comparability, we selected 12 orbital measurements from SABER NO 5.3 μm radiance data taken between 18 and 23 November 2003. These measurements were taken at a tangent point height of 120 km, with a longitude ranging from 60°W to 160°W (300°–200°) and latitude from 51°S to 83°N (−51°–83°). The relevant information of the orbital measurements is presented in Table 2. Based on this, we generated a chart illustrating the variation in NO 5.3 μm radiance value at 120 km as a function of longitude and latitude during auroral disturbances. The chart is shown in Figure 4.



From Figure 4, it can be observed that the radiance values of NO 5.3 μm in the quiet state exhibit slight fluctuations (Figure 4a,b). However, after being affected by aurora, there is an increase in radiance values in mid-high latitude regions starting from 13:51 UT on 20 November, as shown in Figure 4c. By around 21:57 UT on 20 November, the radiance values increased to a much higher level, approximately 10 times larger than the quiet state, across the entire longitude and latitude range (Figure 4g). As the disturbance recovered, the radiance values show a decreasing trend from Figure 4h to Figure 4i, and almost returned to the quiet state level by 11:10 UT on 22 November, as shown in Figure 4j. However, as seen in Figure 4k, a slight increase of approximately one order of magnitude is observed in the radiance values in the longitude range of 200–220° and latitude range of −30° to 40° at around 13:00 UT on 23 November, which is caused by the “secondary aurora” observed at around 16:00 UT on 22 November, as shown in Figure 1. Additionally, Figure 4 illustrates the coverage of the latitude and longitude range during the SABER measurements, which gradually transitioned from the “north-view” to the “south-view” mode. In Figure 4l, a decrease in radiance values is observed in the range of longitude 200–220° and latitude −30° to 40°, gradually approaching the quiet state level.



It is noteworthy that during the first “recovery phase” of radiance (Figure 4h–j), there exists a difference between the northern and southern hemispheres, with the southern hemisphere exhibiting a lag while the northern hemisphere begins the recovery process first. This phenomenon was initially attributed to the effect of coordinate system selection [54], but was refuted by Bag in 2018 and later confirmed to be influenced by the radial wind in 2021 [36].



A statistical analysis was performed on the 12 sets of NO 5.3 μm radiance values data in Figure 4, otherwise, 5 sets of orbital data with approximately the same latitude and longitude regions were included to enhance the overall understanding of the aurora process. The orbit information and statistical characteristics of each set of radiance values was shown in Table 3, including the orbit number, date, measurement time of the orbital data, mean (AVE), STD, MIN, and MAX values. These statistics are graphically represented in Figure 5 and Figure 6 for visualization purposes. In Figure 5, the orbit number is utilized as the X-axis, with specific time information available in Table 3. In Figure 6, to enhance the visualization of the dispersion, the 17 sets of orbital information are defined as 17 events, with each event utilized as the X-axis.



Figure 5 shows that after the aurora occurred on 20 November, as measured by orbit 10,553, the maximum radiance value increased significantly. It reached a peak of 7.91 × 10−3 W/m2/sr at orbit 10,569, which is about 10 times higher than the maximum value during the quiet period. However, the minimum value showed a small increase of only 6.00 × 10−4 W/m2/sr during the entire auroral disturbance. This can be attributed to the fact that the aurora only occurs within a specific range of the atmosphere, causing a greater impact on the NO 5.3 μm radiance value within that range. In contrast, the radiance change in other atmospheric regions is minimal, resulting in a more significant change in the maximum value but a minor change in the minimum value.



It is important to note a slight decrease of approximately 1.00 × 10−3 W/m2/sr in the maximum radiance value during the measurement period from orbit 10,565 to orbit 10,567. This decrease can be attributed to the temperature-controlled excitation process caused by the collision between high-energy particles carried by the solar wind and the neutral components when they reach the atmosphere. It is also influenced by the resonance absorption process of solar and terrestrial radiation described in reaction (8), as mentioned by Bharti et al. [12]. These fluctuations caused slight variations in the NO 5.3 μm radiance value within the latitude and longitude range. These variations gradually accumulated and reached their peak at orbit 10,590, before returning to the level observed during the quiet period. However, there was a slight increase again at orbit 10,607 and 10,609 due to the influence of the “secondary aurora”.


  N O   ν = 0   + h ν   5.3   μ m   → N O   ν = 1    



(8)







To illustrate the variability in the data dispersion, the 17 sets of measurement data were defined as 17 distinct events, and their mean and standard deviation were plotted in a dot-and-line graph with error bars (Figure 6). It can be observed from Figure 5 and Figure 6 that the standard deviation of the NO 5.3 μm radiance values increased from 1.75 × 10−4 to 1.46 × 10−3 W/m2/sr following the occurrence of the aurora. This indicates a difference of approximately one order of magnitude. The error bars in Figure 6 also reveal that the auroral disturbance had a substantial impact on the dispersion of radiance values within the specified latitude and longitude range. Specifically, it caused the dispersion to remain at a heightened level of 1.36 × 10−3 to 1.46 × 10−3 W/m2/sr during orbit 10,565 to 10,569. These findings suggest that the limited extent of the aurora’s occurrence led to differential and lagged effects on the radiation value, resulting in increased dispersion during disturbance periods and gradual escalation to its maximum level. Upon the conclusion of the first disturbance event (orbit 10,591), the dispersion reduced to approximately 2.31 × 10−4 W/m2/sr, and subsequently witnessed a slight increase of less than one order of magnitude under the influence of the “secondary aurora”.




3.4. Correlation Analysis between Radiance and the Dst Index during Auroral Events


Solar wind is essentially a supersonic stream of charged particles released from the outer atmosphere of the Sun during periods of strong solar activity, consisting mainly of protons and electrons. The solar wind speed, Vsm, is one of the most important parameters reflecting solar activity strength. The AE index is a measure of the strength of auroral electrojet currents derived from data acquired by 12 magnetometers distributed evenly along the auroral zone. On the other hand, the Dst index characterizes the intensity of symmetrical perturbations in the Earth’s dipole equator magnetic field. Furthermore, the IMF BZ, displayed in Figure 1, represents the southward (northward) orientation of the interplanetary magnetic field, and it has a weak correlation with the variation in radiance. The entire radiance process at NO 5.3 μm (reactions (4)–(7)) is influenced by temperature. Hence, this study focuses on examining the correlation between radiance values measured at a distance of 120 km around 55°S 160°W of SABER channel 6 NO 5.3 μm and variables such as temperature, solar wind speed, AE index, and Dst index during the period of 18–23 November. The findings are illustrated in Figure 7, with the red line representing the fitted curve.



Figure 7 depicts a stronger correlation between the Dst index and the NO 5.3 μm radiance value, with an adjusted R2 (R2adj, it constitutes an adjusted version of the coefficient of determination, R2, incorporating considerations of both the number of independent variables and the sample size to prevent overfitting) of 0.42. This could be due to reaction (4), because reaction (4) is temperature-dependent. Consequently, atmospheric parameters such as thermospheric temperature, and densities of nitric oxide and atomic oxygen dictate the behavior of nitric oxide infrared radiative emission [14,15]. These physical changes, however, are driven by changes in solar irradiance and geomagnetic conditions [24]. The Dst index directly characterizes the variations in the geomagnetic field. Hence, a significant correlation exists between them, justifying further analysis. The present study identifies the tangent point altitude with the highest correlation for the Dst index and the NO 5.3 μm radiance, and analyzes the corresponding R2adj for radiance values within the 50–200 km altitude range using a 10 km interval. These results are presented in Figure 8 and Figure 9.



Based on the above figures, it can be observed that within the altitude range of 50–80 km, the correlation exhibits relative stability, ranging from 0.5 to 0.6, with minimal variation. Nevertheless, the correlation steadily decreases within the range of 80–110 km, reaching its lowest value of 0.41 at 110 km. This can be attributed to the complexity of photochemical reactions occurring around the altitude of 110 km, as the Dst index is derived from global station measurement data. Consequently, the Dst index is unable to capture such fine details, leading to a diminished correlation at an altitude around 110 km. Subsequently, the correlation progressively rises with increasing altitude, reaching its peak of 0.88 at 170 km, denoting the strongest correlation. This high correlation is maintained within the altitude range of 160–200 km, with values around 0.87. Considering these findings, for this particular auroral disturbance event, the NO 5.3 μm radiance at the altitude of 170 km exhibits the strongest correlation with the Dst index (R2adj = 0.88). The relationship between the two can be represented by the following equation:


  R a d = ( − 2.26232 e − 06 )   ∗   D s t − ( 2.26337 e − 05 )  



(9)







Although Equation (9) presented here only applies to the results at 55°S 160°W, 170 km point for this particular aurora event, the high correlation coefficient of 0.88 indicates the feasibility of establishing a parameterized formula between the Dst index and the NO 5.3 μm radiance. This relationship has significant implications for future research on predicting the intensity range of the NO 5.3 μm emission in auroras using the Dst index.





4. Conclusions


The TIMED/SABER-observed NO 5.3 μm infrared radiation is studied during two consecutive auroral events, with the Dst index reaching a minimum value of −422 nT in 18–23 November 2003. Then, this period was chosen for the analysis of the spatiotemporal variations in NO 5.3 μm radiance. The time series of NO 5.3 μm radiance was analyzed at 55°N 160°W considering different altitudes. The altitude range was then divided into four groups for statistical analysis. The radiance value within the altitude range of 100–150 km showed the most significant response to auroral disturbances, reaching a maximum value of 3.38 × 10−3 W/m2/sr at 123 km of altitude. This value was approximately 10 times higher than the average radiance value during quiet periods. Moreover, the radiance value remained consistently high for almost 40 h primarily at an altitude of approximately 120–130 km. As the first disturbance recovered, the radiation value entered a recovery phase. However, at 18:00 UT on 22 November, a sudden increase in NO 5.3 μm radiance occurred around 120 km altitude. This increase expanded over a range of approximately ±20 km due to the second aurora. Although not as intense as the first one, the radiance value reached 9.85 × 10−4 W/m2/sr by 13:00 UT on 23 November, which was 7 times higher than the average value during quiet periods. Subsequently, the time series of radiance at the tangent point of 120 km between the latitude 51°S–83°N and longitude 60°W–160°W was analyzed. The differences between the northern and southern hemispheres during the “recovery process” of the NO 5.3 μm radiance value were observed, with the recovery process starting earlier in the northern hemisphere. In the subsequent statistical analysis, the minimum radiation value remained relatively constant throughout the entire disturbance process, reflecting spatial and temperature limitations in the auroral excitation process. However, the maximum value and degree of variation altered significantly. Finally, the correlation between the NO 5.3 μm radiance value at 120 km and temperature, solar wind speed, AE index, and Dst index were analyzed. Only the correlation with the Dst index showed significance, with an R2adj value of 0.42. Subsequently, the correlation between the Dst index and the NO 5.3 μm radiance (with a 10 km interval) within 50–200 km was analyzed, indicating the highest correlation with the radiance at 170 km (R2adj = 0.88).




5. Discussion


As is known, strong geomagnetic disturbances have adverse effects on aerospace activities. For satellites carrying out missions during auroral disturbances, the enhancement of infrared background radiance within the field of view reduces the contrast of target signals, causing interference in target identification processes. Additionally, satellite laser communication systems commonly exploit infrared light for data transmission due to their superior penetration capability and faster data transfer rates. Nevertheless, as communication links traverse the atmosphere, the heightened infrared background radiation induced by auroral disturbances may compromise signal-to-noise ratios, consequently deteriorating communication quality [55]. It is evident from the foregoing conclusions that the amplification of atmospheric limb infrared background radiation due to auroral disturbances reached approximately one order of magnitude. Hence, it is imperative to conduct a quantitative examination of NO 5.3 μm infrared radiation variations during auroral periods, serving as an early warning metric to mitigate the impact on target identification and enhance the resilience of communication links against interference. The correlation analysis between these radiance variations and the Dst index furnishes data support for the subsequent modeling of NO 5.3 μm infrared radiation fluctuations during auroral periods.
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Figure 1. Temporal variations in solar wind speed Vsm, the interplanetary magnetic field IMF BZ, disturbance storm time index Dst, and the auroral electrojet index AE (from top to bottom) during 18–23 November 2003. 
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Figure 2. Variation in NO 5.3 μm radiance values over time in the altitude region of 50–250 km during 18–23 November 2003, measured by TIMED/SABER at about 55°N 160°W. 
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Figure 3. STD (black squares), MIN (red dots), and MAX (blue triangles) values for four different altitude regions. 
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Figure 4. Longitudinal and latitudinal distribution of NO 5.3 µm radiance during 18–23 November 2003. Measurement dates and times are: (a) 11-18 23:06 UT; (b): 11-19 23:17 UT; (c): 11-20 13:51 UT; (d): 11-20 15:27 UT; (e): 11-20 18:42 UT; (f): 11-20 20:19 UT; (g): 11-20 21:57 UT; (h): 11-20 23:34 UT; (i): 11-21 01:11 UT; (j): 11-22 11:10 UT; (k): 11-23 14:42 UT; (l): 11-23 17:57 UT. 
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Figure 5. Variation in the maximum (blue dots) and minimum (black squares) values of NO 5.3 μm radiance for the 17 selected groups of orbits. 
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Figure 6. Variation in and values of NO 5.3 μm radiance for the 17 selected events. 
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Figure 7. Correlation between the measured radiance of NO 5.3 μm at 120 km around 55°S 160°W of SABER and temperature, Vsw, AE index, and Dst index during 18–23 November 2003. 
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Figure 8. Correlation of Dst index with NO 5.3 µm radiance at different altitudes around 55°S 160°W of SABER during 18–23 November 2003. 
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Figure 9. The adjusted R2 of the fitting curves corresponding to different altitudes during 18–23 November 2003. 
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Table 1. Statistical analysis of radiance in four altitude regions.
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Altitude Region (km)

	
Statistical Value of Radiance (W/m2/sr)




	
STD

	
MIN

	
MAX






	
50–100

	
3.99 × 10−4

	
1.08 × 10−4

	
1.79 × 10−3




	
100–150

	
6.85 × 10−4

	
3.81 × 10−5

	
3.38 × 10−3




	
150–200

	
2.77 × 10−4

	
7.28 × 10−7

	
2.00 × 10−3




	
200–250

	
6.40 × 10−5

	
1.89 × 10−9

	
4.54 × 10−4











 





Table 2. Information about the 12 selected sets of orbital data.
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	No.
	Orbit Number
	Date
	Time (UT)





	(a)
	10,538
	11-18
	23:06



	(b)
	10,553
	11-19
	23:17



	(c)
	10,562
	11-20
	13:51



	(d)
	10,563
	11-20
	15:27



	(e)
	10,565
	11-20
	18:42



	(f)
	10,566
	11-20
	20:19



	(g)
	10,567
	11-20
	21:57



	(h)
	10,568
	11-20
	23:34



	(i)
	10,569
	11-21
	01:11



	(j)
	10,590
	11-22
	11:10



	(k)
	10,607
	11-23
	14:42



	(l)
	10,609
	11-23
	17:57










 





Table 3. Statistics values about the selected 17 groups of orbits.
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Orbit Information

	
Statistics Values (W/m2/sr)




	
Number

	
Event

	
Date

	
Time (UT)

	
AVE

	
STD

	
MIN

	
MAX






	
10,538

	
1

	
11-18

	
23:06

	
3.63 × 10−4

	
2.67 × 10−4

	
3.24 × 10−5

	
1.21 × 10−3




	
10,553

	
2

	
11-19

	
23:17

	
2.87 × 10−4

	
1.75 × 10−4

	
3.47 × 10−5

	
7.02 × 10−4




	
10,562

	
3

	
11-20

	
13:51

	
9.76 × 10−4

	
6.52 × 10−4

	
1.79 × 10−4

	
3.51 × 10−3




	
10,563

	
4

	
11-20

	
15:27

	
1.42 × 10−3

	
9.94 × 10−4

	
2.14 × 10−4

	
4.30 × 10−3




	
10,565

	
5

	
11-20

	
18:42

	
2.26 × 10−3

	
1.46 × 10−3

	
3.78 × 10−4

	
6.93 × 10−3




	
10,566

	
6

	
11-20

	
20:19

	
2.16 × 10−3

	
1.46 × 10−3

	
3.85 × 10−4

	
6.23 × 10−3




	
10,567

	
7

	
11-20

	
21:57

	
2.19 × 10−3

	
1.36 × 10−3

	
4.55 × 10−4

	
6.11 × 10−3




	
10,568

	
8

	
11-20

	
23:34

	
2.19 × 10−3

	
1.41 × 10−3

	
4.69 × 10−4

	
7.83 × 10−3




	
10,569

	
9

	
11-21

	
01:11

	
2.56 × 10−3

	
1.42 × 10−3

	
6.39 × 10−4

	
7.91 × 10−3




	
10,578

	
10

	
11-21

	
16:10

	
8.43 × 10−4

	
4.52 × 10−4

	
2.26 × 10−4

	
2.35 × 10−3




	
10,588

	
11

	
11-22

	
08:18

	
4.68 × 10−4

	
3.74 × 10−4

	
4.64 × 10−5

	
1.34 × 10−3




	
10,589

	
12

	
11-22

	
09:56

	
4.52 × 10−4

	
3.25 × 10−4

	
6.59 × 10−5

	
1.24 × 10−3




	
10,590

	
13

	
11-22

	
11:10

	
4.33 × 10−4

	
2.88 × 10−4

	
6.68 × 10−4

	
1.06 × 10−3




	
10,591

	
14

	
11-22

	
13:12

	
4.12 × 10−4

	
2.31 × 10−4

	
1.23 × 10−4

	
1.18 × 10−3




	
10,593

	
15

	
11-22

	
16:27

	
4.92 × 10−4

	
3.88 × 10−4

	
1.13 × 10−4

	
1.96 × 10−3




	
10,607

	
16

	
11-23

	
14:42

	
5.68 × 10−4

	
4.10 × 10−4

	
1.30 × 10−4

	
1.72 × 10−3




	
10,609

	
17

	
11-23

	
17:57

	
5.43 × 10−4

	
3.85 × 10−4

	
1.37 × 10−4

	
1.76 × 10−3
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