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Abstract. Airglow rotational temperatures are effective tracers of variability in the mesopause region. To enable efficient 

processing of long-duration, high-temporal-resolution observations from the Mesospheric Airglow Spectrum Photometer 10 

(MASP), a Fast Airglow Spectral Line-Ratio algorithm (FASLR) is developed for rotational temperature retrieval. FASLR uses 

forward-modeled synthetic spectra to establish ratio–temperature relationships, derives independent temperature estimates 

from multiple line-intensity ratios, and combines them with weights based on the relative sensitivity of each ratio to 

instrumental perturbations. By avoiding computationally intensive multi-parameter iterative optimization, the algorithm 

substantially improves computational efficiency and remains robust to occasional anomalies in individual spectral lines. 15 

FASLR is validated using two nights of co-located MASP and sodium fluorescence Doppler lidar observations, showing good 

consistency with the corresponding lidar temperatures. The algorithm is then applied to six nights of dual-channel MASP 

observations of the O₂ (0–1) and OH (6–2) emissions and compared with independent temperatures from SABER, Aura/MLS, 

SD-WACCMX, and NRLMSIS 2.1. Overall, these comparisons indicate general consistency in the background temperature 

level, the relative offset between the O₂ and OH emission layers, and the range of nocturnal variability. Near representative 20 

emission-layer altitudes, the O₂ rotational temperatures reproduce the nocturnal background evolution reasonably well, 

whereas the OH temperatures show a more evident early-night high bias but better agreement during the latter half of the night. 

Case studies further demonstrate that the FASLR-derived temperatures are suitable for quantitative analyses of both longer-

period nocturnal variability and shorter-period disturbances. On 2 February 2024, temperature and intensity perturbations in 
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the O₂ and OH layers exhibit a common dominant period band and stable phase relationships. On 7 February 2024, both layers 25 

show concurrent power enhancements within a similar period band, and simultaneous observations from the Mesospheric 

Airglow Wide-angle Imager (MAWI) independently support the identified disturbance. Overall, FASLR provides an efficient 

and robust approach for dual-channel airglow temperature retrieval and supports investigations of multi-scale wave processes 

in the mesopause region. 

Keywords Temperature retrieval, Airglow Spectrum Photometer, Spectral line ratio, Dual-channel airglow observations, Data 30 

comparison, Gravity waves  

1.Introduction 

The mesosphere and lower thermosphere (MLT, ~50–120 km) lies between the lower atmosphere and the thermosphere–

ionosphere system and forms a key transition region for vertical coupling across atmospheric layers. Within the MLT, the 

mesopause region is of particular importance. Its temperature is a key parameter for characterizing multiscale dynamical 35 

processes and associated energy transfer, and for assessing long-term changes in the upper atmosphere in a changing climate 

(Li et al., 2010; Wan and Xu, 2014; Yue et al., 2015; Chen et al., 2016; Yi et al., 2023). However, the thermal structure of the 

mesopause region exhibits pronounced spatiotemporal variability, and single-point observations are often insufficient to 

capture both its regional structure and temporal evolution. Coordinated multi-instrument observations and observational 

networks can provide continuous temporal coverage and spatial context, thereby placing important constraints on large-scale 40 

circulation, wave propagation, and interlayer coupling processes (Shepherd et al., 2020; Stober et al., 2021; Wang et al., 2022; 

Yang et al., 2024). 

Among the available approaches, passive optical remote sensing is particularly well suited for temperature observations in the 

mesopause region. Nocturnal airglow emissions, such as O₂ and OH, contain rotational spectral features whose line intensities 

and intensity ratios can be used to retrieve rotational temperature (Sargoytchev et al., 2004; French et al., 2020; Wüst et al., 45 

2023). Airglow spectrometers are relatively simple, operationally stable, and well suited for long-term continuous operation, 

and they have been deployed in observational networks to support regional-scale temperature intercomparisons and variability 

studies (Shepherd et al., 2002; Reisin et al., 2014; Xu et al., 2015). In China, temperature retrieval methods based on OH and 
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O₂ rotational spectra have also been explored (Xiong et al., 2012; Liu et al., 2015), further demonstrating the potential of this 

approach for broader deployment in observational networks. Continuous MLT airglow observations provide valuable 50 

information on temporal variability. Efficient and reliable data processing and temperature retrieval are therefore essential for 

fully exploiting these measurements, particularly in studies of short-term temperature variability, wave dynamics, and model 

evaluation. 

To fully exploit continuous high-temporal-resolution airglow observations, temperature retrieval methods must be 

computationally efficient while maintaining accuracy and stability. Early approaches often relied on a limited number of 55 

rotational lines or line-intensity ratios to estimate temperature (Takeuchi and Misawa, 1979; Takeuchi et al., 1979). These 

methods are conceptually straightforward and require only limited spectral information, but they are sensitive to variations in 

signal-to-noise ratio (SNR), background contamination, and uncertainties in line-intensity parameters. Subsequently, multi-

line approaches based on Boltzmann-plot regression of several rotational transitions were increasingly adopted for rotational 

temperature retrieval and provided greater robustness than single-line or line-pair methods (Sigernes et al., 2003; Mulligan et 60 

al., 2009). Advances in instrumentation and high-resolution spectroscopy, together with improved spectroscopic data for OH 

transitions, have further improved the accuracy and reliability of airglow temperature retrievals (Osterbrock et al., 1996; 

Brooke et al., 2016; Noll et al., 2023). However, the high cost of instrumentation and the complexity of the associated 

observational requirements continue to limit the broader use of these approaches in long-term and networked observations. 

More recently, optimal-estimation frameworks have also been explored in airglow remote sensing, allowing the incorporation 65 

of a priori constraints and a more rigorous characterization of posterior uncertainty (Sun et al., 2022). Although physically 

consistent, such approaches are typically more complex to implement and computationally more demanding than simpler line-

ratio-based retrieval schemes.  

A multi-parameter iterative inversion algorithm (MPII) was previously developed for the Mesospheric Airglow Spectrum 

Photometer (MASP) to jointly optimize multiple variable system parameters within a forward spectral model, thereby reducing 70 

systematic errors and improving retrieval accuracy. The validity of MPII has been demonstrated through coordinated 

observations with a sodium fluorescence Doppler lidar (Niu et al., 2024). However, because MPII requires repeated iterations 
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for each retrieval, its computational cost increases rapidly when applied to long-duration, high-temporal-resolution 

observations, thereby limiting its efficiency for processing dense time series. 

Overall, despite the strengths of existing methods, efficient processing of continuous airglow observations with high temporal 75 

resolution remains difficult, particularly for long-duration datasets. In this study, a fast rotational-temperature retrieval 

algorithm based on airglow line-intensity ratios is developed to improve processing efficiency while maintaining retrieval 

accuracy. The algorithm establishes ratio–temperature relationships using a forward model and combines multiple ratio-based 

temperature estimates using sensitivity-based weights to reduce the influence of occasional anomalies in individual spectral 

lines. This method provides an efficient and stable framework for temperature retrieval from continuous MASP observations 80 

and supports analyses of atmospheric variability and wave processes. 

2. Instrumentation and Datasets 

2.1 Dual-channel MASP configuration 

MASP is a zenith-viewing airglow spectrum photometer with a field of view of 12.9°. To enable alternating observations of 

two airglow bands without modifying the original single-channel optical layout, a filter wheel was added to the original system 85 

for sequential measurements of the O₂ (0–1) and OH (6–2) emissions. In this study, representative emission heights of 94 km 

for O₂ and 87 km for OH are adopted. The exposure times are 3 min for the O₂ channel and 2 min for the OH channel, resulting 

in an effective dual-channel sampling cadence of approximately 5.3 min. Both interference filters have an aperture of 50 mm. 

Their center wavelengths are 867.1 nm for O₂ and 837.17 nm for OH, with corresponding bandwidths of 0.24 nm and 0.26 nm. 

Further details of the optical design and the original single-channel MASP configuration can be found in Niu et al. (2024) and 90 

are not repeated here. 

2.2 Observations and datasets 

2.2.1 MASP dual-channel observations 
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As shown in Fig. 1, the dual-channel MASP was deployed at the Tulihe Meteorological Observatory, Hulunbuir, Inner 

Mongolia (50.5°N, 122.6°E), where continuous observations were obtained from 2 to 7 February 2024. About 10 h of valid 95 

data are typically available for each night after quality control, providing sufficient temporal coverage for the variability 

analyses presented in this study. 

 

Figure 1: Photograph of the observation setup at Tulihe, together with representative MASP dual-channel airglow images in the O₂ 

(0–1) and OH (6–2) bands and a representative from MAWI. 100 

2.2.2 Sodium fluorescence Doppler lidar data 

Coordinated MASP and sodium fluorescence Doppler lidar observations previously obtained at the National Space Science 

Center, Chinese Academy of Sciences, in Huairou, Beijing (40°N, 116°E), are used to evaluate the accuracy of the FASLR 

temperature retrievals. The sodium fluorescence Doppler lidar provides temperature profiles over 75–105 km with a temporal 

resolution of 10 min and a vertical resolution of 1 km. Details of the coordinated campaign and the MASP–lidar temperature 105 

intercomparison can be found in Niu et al. (2024). In the present study, the lidar temperatures are used only as an independent 

reference for algorithm validation. 

https://doi.org/10.5194/egusphere-2026-1866
Preprint. Discussion started: 13 July 2026
c© Author(s) 2026. CC BY 4.0 License.



 

6 

 

2.2.3 Auxiliary datasets 

To further evaluate the reliability of the retrieved dual-channel temperatures, independent comparisons are conducted using 

satellite temperature profiles, reference temperatures from SD-WACCMX and NRLMSIS 2.1, and wide-field airglow imager 110 

data. All datasets are converted to China local time (LTC, UTC+8) to ensure a consistent time reference. 

Satellite temperature profiles are obtained from SABER and Aura/MLS during 2–7 February 2024. For comparison with the 

MASP observations, only satellite overpasses occurring within the MASP observation intervals are used, although orbital 

constraints usually limit the number of samples to one or two per night. Overpasses within a ±20° latitude and ±20° longitude 

window centered on the observation site (50.5°N, 122.6°E) are selected. To approximate the airglow emission layers, the 115 

satellite profiles are vertically averaged using altitude-dependent weights over 85–89 km for OH and 92–96 km for O₂, yielding 

representative layer temperatures. 

Reference temperatures from SD-WACCMX and NRLMSIS 2.1 are extracted near the observation site and vertically averaged 

using altitude-dependent weights over 85–90 km for OH and 92–96 km for O₂. T To characterize the nocturnal background 

state and low-frequency variability, the six-night temperature time series are aligned to a common LTC axis and averaged point 120 

by point to construct mean nocturnal temperature curves. These curves are then compared with the corresponding mean 

variations in the MASP observations. 

In addition, data from the Mesospheric Airglow Wide-angle Imager (MAWI), acquired simultaneously with MASP, are used 

to examine transient disturbances (Fig. 1). The imager covers 750–850 nm, with an exposure time of 3 min, a cadence of 6.8 

min, and a field of view of 120°. After standard image preprocessing (Huang et al., 2025), the resulting gravity-wave band 125 

structures are compared with transient features identified in the MASP wavelet analysis in terms of their occurrence time and 

morphology. 
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3. Fast Airglow Spectral Line-Ratio Algorithm（FASLR） 

3.1 Physical basis 

Under near-local thermodynamic equilibrium (LTE), the relative intensities of rotational lines within a given vibrational band 130 

vary systematically with rotational temperature and can therefore be used to retrieve rotational temperature (Mies, 1974). For 

OH airglow, the applicability and limitations of this approach, including possible non-LTE effects, have been discussed by 

Noll et al. (2016). For optically thin airglow emissions, the intensity of an individual rotational line depends primarily on the 

population of the corresponding upper rotational level, as well as on line-specific molecular parameters and the instrumental 

spectral response. Forming line-intensity ratios can reduce common instrumental effects, but cannot fully remove line-135 

dependent instrumental responses or the unequal sensitivities of different ratios to instrumental-parameter variations. The 

resulting ratios therefore depend mainly on rotational temperature and known line-specific constants, but they retain different 

sensitivities to instrumental perturbations. For the O₂ (0–1) airglow emission, whose peak altitude is near 94 km, the lower 

rotational levels are commonly assumed to be close to LTE. The retrieved rotational temperature can therefore be treated as a 

reasonable approximation of the ambient kinetic temperature (Mies, 1974). Under this assumption, the rotational temperature 140 

derived from a selected line pair can be expressed as:  

Tn,m=
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where Tn,m is the rotational temperature derived from lines n and m, In and Im are the corresponding line intensities, J′n and J′m 

are the upper-state rotational quantum numbers,  Ev′(J′)  is the upper-level energy, and 𝐴 denotes the Einstein 𝐴 coefficient 

for the corresponding transition. Equation (1) is given here in its standard line-ratio form to illustrate the physical basis of 145 

rotational temperature retrieval. 

Based on this principle, the Fast Airglow Spectral Line-Ratio Algorithm (FASLR) is developed for temperature retrieval in the 

mesopause region. Rather than determining temperature by iterative fitting of the full observed spectrum, FASLR uses selected 

rotational lines in the O₂ (0–1) band to construct line-intensity ratios and establishes the corresponding ratio–temperature 
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relationships from forward-modeled synthetic spectra over a prescribed temperature range, from which multiple ratio-based 150 

temperature estimates can be obtained from the observed spectrum. 

3.2 Temperature retrieval 

Figure 2 illustrates the construction of synthetic spectra and the fitted ratio–temperature relationships used for rotational 

temperature retrieval in the O₂ (0–1) band. As shown in Fig. 2a, synthetic concentric-ring images are generated over a 

prescribed temperature range using a previously developed MASP forward model. This forward model combines spectroscopic 155 

parameters from the HITRAN database with atmospheric radiative transfer and the O₂ channel instrumental response (Niu et 

al., 2024). 

For each temperature, the forward-modeled image is converted into a spectrum by averaging the signal within concentric 

annuli. The annular mean values are then arranged along the radial coordinate to form a synthetic spectrum. Repeating this 

procedure over the prescribed temperature range yields a set of synthetic spectra corresponding to different rotational 160 

temperatures (Fig. 2b). Within the O₂ (0–1) band, the P1(1)–P1(4) lines are selected for temperature retrieval. Among them, 

P1(3) exhibits the weakest temperature dependence over the considered range and is therefore chosen as the reference line. 

Three line-intensity ratios, P1(1)/P1(3), P1(2)/P1(3), and P1(3)/P1(4), are then constructed and fitted as functions of 

temperature over 130–280 K (Fig. 2c). For a given input spectrum, the peak intensities of P1(1)–P1(4) are extracted to calculate 

the corresponding line-intensity ratios. Each ratio is then converted to a temperature using its fitted ratio–temperature 165 

relationship, yielding three ratio-based temperature estimates for the same spectrum. For idealized synthetic spectra generated 

by the forward model, these estimates are identical. In actual retrievals, however, differences may remain among them. The 

final rotational temperature is therefore obtained by combining these estimates using sensitivity-informed weighting. 
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Figure 2: Construction of the synthetic spectra and fitted ratio–temperature relationships used for O₂ (0–1) rotational temperature 170 

retrieval. (a) Sequence of simulated concentric-ring images generated over the prescribed temperature range. (b) Synthetic spectra 

derived from the simulated images by annular averaging, with the P1(1)–P1(4) lines indicated. (c) Quadratic fits of the ratio–

temperature relationships for P1(1)/P1(3), P1(2)/P1(3), and P1(3)/P1(4), from which ratio-based temperature estimates are obtained. 

3.3 Sensitivity-based weighting 

For each image, three ratio-based temperature estimates are obtained from the selected line-intensity ratios, namely P1(1)/P1(3), 175 

P1(2)/P1(3), and P1(3)/P1(4). If only a single ratio is used, the retrieval can be more strongly affected when one line is 

influenced by noise, background emission, or instrumental-parameter perturbations. The three estimates are therefore 

combined using a sensitivity-based weighting scheme. 

The need for this weighting is illustrated in Fig. 3. In MPII, temperature retrieval relies on matching the full observed spectrum 

to simulated spectra and is therefore sensitive to changes in spectral shape. Figure 3a and 3b show that variations in filter 180 

temperature and optical-system focal length can substantially modify the spectral profile at a fixed rotational temperature. In 

FASLR, by contrast, temperature is inferred from line-intensity ratios rather than full-spectrum shape matching. As shown in 

Fig. 3c and d, the three selected ratios vary only weakly with these perturbations. The ratio-based approach therefore suppresses, 

but does not completely remove, the influence of instrumental-parameter variations. Moreover, Fig. 3e and 3f show that the 

residual sensitivity differs among ratios and varies with temperature. A simple arithmetic mean would therefore assign equal 185 
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importance to ratios with unequal stability. To reduce the influence of the more sensitive ratios, larger weights are assigned to 

ratios that are less sensitive to instrumental-parameter perturbations. 

 

Figure 3: Sensitivity of the selected line-intensity ratios to instrumental-parameter perturbations. (a) Forward-modeled synthetic 

spectra at a fixed rotational temperature for different filter temperatures. (b) Same as (a) but for different optical-system focal 190 

lengths. (c) Dependence of the three selected line-intensity ratios on filter temperature at the same fixed rotational temperature, with 

linear fits shown for reference. (d) Same as (c) but for focal-length perturbations. (e) Temperature dependence of the standard 

deviation of each ratio under filter-temperature perturbations. (f) Same as (e) but for focal-length perturbations. 

To quantify this sensitivity, single-parameter perturbation tests are performed using forward-modeled synthetic spectra. At a 

fixed rotational temperature T, the filter temperature Tf is varied over 18–27 °C while the focal length F is held fixed, and the  195 

F is varied over 53.0–53.9 mm while Tf is held fixed. For the i-th ratio Ri ,the corresponding sensitivities are quantified by the 

standard deviations over the prescribed perturbation ranges: 

σi
(Tf)(T)=Std[Ri(T;Tf)] ,   Tf∈[18 ,27]℃, (2) 

 σi
(F)(T)=Std[Ri(T;F)] ,   F∈[53.0 ,53.9]mm, (3) 
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where i=1,2,3correspond to P1(1)/P1(3), P1(2)/P1(3), and P1(3)/P1(4), respectively, and Std is taken over the corresponding 200 

perturbation range. These quantities are evaluated over 130–280 K, and second-order polynomials are fitted to obtain 

continuous temperature-dependent sensitivity functions σ̂
(Tf)(T) and σ̂

(F)(T) as shown in Fig. 3e and 3f.  

Because these sensitivities vary with temperature, the weights are evaluated adaptively for each observation rather than 

prescribed as constants. To ensure a consistent comparison among the three selected ratios, their sensitivities are evaluated at 

a common reference temperature Tref representative of the current observation, rather than at three different ratio-specific 205 

temperatures. In this study, Tref is taken as the median of the three ratio-based temperature estimates: 

𝑇𝑟𝑒𝑓=median(T1, T2, T3). (4) 

The fitted sensitivity functions are then evaluated at Tref to obtain the corresponding sensitivity measures for the current 

observation: 

 s
i

(Tf)(T)=σ̂
(Tf)(𝑇𝑟𝑒𝑓),             si

(F)(T)σ̂
(F)

(𝑇𝑟𝑒𝑓). (5) 210 

For each observation, these values are normalized to define the relative sensitivity coefficients: 

p
i
=

s
i

(Tf)

∑ s
j

(Tf)3
j=1

,           q
i
=

si

(F)

∑ sj

(F)3
j=1

. (6) 

Assuming that the two effects are approximately independent, a combined sensitivity factor is defined as 

 ri=1-(1-p
i
)(1-q

i
) ,   ri∈(0,1), (7) 

where a larger ri indicates stronger overall sensitivity to instrumental-parameter perturbations. The preliminary weight is then 215 

defined inversely with respect to ri : 

 wi
'=

1

(ε+ri)
, (8) 

where ε=10−6 is introduced to avoid division by zero. The normalized weight is: 

wi=
wi

'

Σi=1
 3 wi

'
 . (9) 

The final temperature is computed as the weighted combination of the three ratio-based estimates:            220 

Tfinal= ∑ wiT i

3

i=1

, (10) 
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Accordingly, ratios that are less sensitive to instrumental-parameter perturbations receive larger weights and therefore 

contribute more strongly to the final temperature retrieval. Following the above calculations, the fitted weighting functions 

used to combine the three ratio-based temperature estimates are obtained, as shown in Fig. 4. The subsequent weighted retrieval 

is performed using these functions. 225 

 

Figure 4: Fitted weighting functions used in the final weighted combination of the three ratio-based temperature estimates. The blue, 

yellow, and orange curves denote the weights assigned to the temperatures derived from P1(1)/P1(3), P1(2)/P1(3), and P1(3)/P1(4), 

respectively. 

To estimate retrieval uncertainty, the statistical uncertainty of the annularly averaged spectrum was first evaluated at the bins 230 

corresponding to the selected line peaks and taken as the measurement uncertainty of each line intensity. For each line-intensity 

ratio, standard error propagation was used to derive the ratio uncertainty, which was then propagated through the fitted ratio-

temperature relationship to estimate the uncertainty of the corresponding ratio-based temperature. The uncertainties of the 

individual ratio-based temperatures were finally combined using the same weights as in the temperature fusion to obtain the 

estimated uncertainty of each retrieval. The reported uncertainties mainly represent internal retrieval uncertainty derived from 235 

statistical error propagation and do not include additional external sources, such as emission-layer altitude variability or 

representativeness differences. 

3.4 Practical application of FASLR and its advantages 

3.4.1 Application and comparison with MPII 
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For retrieval from actual observations, the observed images are first preprocessed to obtain clear concentric-ring patterns with 240 

alternating bright and dark fringes, as shown in Fig. 5a. The preprocessing follows Niu et al. (2024), and the ring center is 

determined using the method of Wei et al. (2023). Using the identified ring center, each image is then converted into a radially 

averaged spectrum, as shown in Fig. 5b. To reduce the influence of greater random noise in the inner radial bins and stronger 

optical-aberration effects in the outer radial bins, the analysis is restricted to radial bin indices 20–80 in the 4 × 4 binned image, 

which encompass the P1(1)–P1(4) peaks shown in Fig. 5b. The peak intensities of these lines are then extracted to calculate 245 

the three line-intensity ratios used in the FASLR retrieval. 

Figure 5c presents a representative case on 23 May 2023. The temperatures derived from the three individual line-intensity 

ratios differ substantially. The estimates from P1(2)/P1(3) remain systematically higher over most of the interval, whereas 

those from P1(3)/P1(4) are comparatively lower during the earlier part of the record and increase later. After sensitivity-based 

weighting is applied, the resulting FASLR temperatures lie between the individual estimates and exhibit a smoother temporal 250 

evolution. They are also broadly consistent with the main features of the MPII results, including the cooling near 23:30, the 

subsequent recovery after midnight, and the gradual warming later in the night. The estimated retrieval uncertainties mainly 

range from ±1.57 to ±2.68 K for FASLR and from ±0.50 to ±2.45 K for MPII. This comparison indicates that the sensitivity-

based weighting moderates the influence of individual ratio-based estimates and provides a more stable combined temperature 

retrieval. 255 

Figure 5d presents another case on 26 April 2023. Systematic differences among the three ratio-based temperature estimates 

are again evident. The estimates from P1(2)/P1(3) remain relatively high, whereas those from P1(3)/P1(4) are substantially 

lower over much of the interval. The weighted FASLR temperatures again fall between the individual estimates and remain 

broadly consistent with the trend of the MPII results, capturing the cooling before midnight and the subsequent warming after 

about 01:00. The FASLR temperatures are about 6–10 K higher than the MPII results. The estimated retrieval uncertainties 260 

mainly range from ±1.41 to ±2.15 K for FASLR and from ±1.96 to ±3.56 K for MPII. This case further indicates that the 

sensitivity-informed weighting yields a balanced combined retrieval while retaining the main temperature variability captured 

by MPII. The larger deviations near the end of the record are not emphasized here, because the measurements become less 

reliable as solar contamination increases. 
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 265 
Figure 5: Practical application of FASLR to observed O₂ (0–1) spectra and comparison with MPII. (a) Preprocessed observed image 

showing clear concentric-ring fringes. (b) Radially averaged observed spectrum extracted from the image in panel (a), with the 

P1(1)–P1(4) peaks marked. Two representative cases showing the temperatures derived from the three selected line-intensity ratios, 

the final FASLR temperatures after sensitivity-based weighting, and the corresponding MPII results for 23 May 2023 (c) and 26 

April 2023 (d), respectively. Error bars denote the estimated retrieval uncertainties of the FASLR and MPII temperatures. 270 

3.4.2 Advantages of FASLR 

MPII, previously developed for MASP, retrieves rotational temperature by iteratively matching the observed spectrum to 

forward-modeled spectra. In the MPII retrieval, multiple parameters, including rotational temperature, filter temperature, and 

optical-system focal length, are adjusted simultaneously until the spectral mismatch is minimized. Because the forward model 

must be evaluated repeatedly during each retrieval, MPII is time-consuming, particularly for continuous observations with 275 

large numbers of images. 

In contrast, FASLR does not require iterative optimization of multiple parameters during retrieval. Instead, it establishes ratio–

temperature relationships in advance from forward-modeled spectra, derives multiple ratio-based temperature estimates from 

the observed spectrum, and combines them using sensitivity-based weighting. It can also be extended to other airglow bands 
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in which temperature retrieval is based on the same line-ratio principle. For these bands, only the band-dependent spectroscopic 280 

inputs, channel-specific settings, and selected line ratios need to be adapted, while the forward-modeling procedure remains 

the same. 

4. Comparative Validation of Retrieved Temperatures 

4.1 Validation against sodium fluorescence Doppler lidar 

Simultaneous MASP and sodium fluorescence Doppler lidar observations were previously conducted, and two nights of high-285 

quality data were obtained. These two cases are used here to validate the temperatures retrieved by FASLR against the lidar 

observations. The observational setting and data processing are described in Sect. 2.2.2. 

Figure 6 compares the FASLR and sodium fluorescence Doppler lidar temperatures for the two nights. On both nights, the 

FASLR temperatures are generally higher than the lidar temperatures, indicating a systematic mean temperature difference 

between the two datasets. This offset may reflect differences in measurement principle and atmospheric representativeness 290 

between the two instruments. Under such conditions, the correspondence in temporal evolution provides a more informative 

basis for assessing whether the FASLR retrievals reproduce the temperature variations observed by the lidar. 

To facilitate comparison of the temperature variations, an additional analysis was performed by removing the mean bias 

between the two datasets over the common observing period. The bias was determined separately for each night and then 

subtracted from the FASLR temperature series. The resulting mean biases are 8.648 K on 23 May 2023 and 5.383 K on 26 295 

April 2023. The bias-removed FASLR temperatures are shown by the dashed red curves in Fig. 6. This analysis was introduced 

only to highlight the similarity in temporal evolution and does not represent an absolute correction of the FASLR temperatures. 

As shown in Fig. 6a, after removal of the mean bias on 23 May 2023, the temporal evolution of the FASLR and lidar 

temperatures becomes more comparable. In particular, the major nocturnal variations, including the cooling before midnight 

and the subsequent warming later in the night, show better agreement between the two datasets. Some differences are still 300 

present, especially near the end of the record, when the data quality is likely reduced by the influence of the approaching 

sunrise and increasing daylight contamination. Nevertheless, after removal of the mean bias, the overall correspondence in 
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temperature evolution becomes more apparent. A similar result is obtained on 26 April 2023 (Fig. 6b). After removal of the 

mean bias, the agreement in temporal evolution becomes more evident, and the broad cooling before midnight together with 

the subsequent warming after midnight can be recognized more consistently in both datasets. Although differences remain in 305 

some parts of the record, the overall nocturnal evolution shows improved agreement. 

Overall, although a mean temperature difference remains between the FASLR and lidar datasets, removal of the mean bias 

makes the agreement in their nighttime temperature evolution more evident, indicating that the FASLR retrievals can capture 

the main temporal variations observed by the lidar. 

 310 

Figure 6: Comparison of the FASLR and sodium fluorescence Doppler lidar temperatures on (a) 23 May 2023 and (b) 26 April 2023. 

The solid red curves denote the original FASLR temperatures, the dashed red curves denote the FASLR temperatures after removal 

of the mean bias relative to the lidar over the common observing period, and the blue curves denote the lidar temperatures. Error 

bars indicate the corresponding retrieval uncertainties. The dashed curves are included only to facilitate comparison of the temporal 

evolution between the two datasets and do not represent an absolute correction of the FASLR temperatures. 315 

4.2 Dual-channel observations and intercomparison with multi-source temperatures 

4.2.1 Comparison with satellite observations 

Figure 7 shows the nocturnal evolution of O₂ and OH rotational temperatures retrieved using FASLR, with valid measurements 

spanning approximately 19:00–05:30 local time (LT). For the OH (6–2) channel, temperatures were retrieved using the same 

forward-modeling and line-ratio-based procedure as that used for the O₂ (0–1) band, with only the band-specific spectroscopic 320 

inputs, channel settings, and selected line ratios adapted. Both channels show clear temporal variations over the night, with 

some similarities in their overall nocturnal evolution. The O₂ rotational temperatures are mainly distributed within 182–212 K, 
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with estimated retrieval uncertainties primarily in the range of ±1.7–3.2 K. The OH rotational temperatures mainly fall within 

197–227 K, with estimated retrieval uncertainties primarily in the range of ±1.6–3.7 K, and are on average about 14 K higher 

than the O₂ temperatures. This behavior is consistent with previous airglow observations reported by Sargoytchev et al. (2004). 325 

As shown in Fig. 7, satellite data were further included as an independent consistency check. The collocated satellite 

temperatures exhibit noticeable scatter relative to the continuous ground-based retrievals. The available satellite comparisons 

show no obvious inconsistency in the overall temperature level, the relative offset between the OH and O₂ layers, or the 

magnitude of the nocturnal temperature variations. SABER temperatures are, on average, about 9.2 K higher than the retrieved 

values in the OH layer and about 9.7 K higher than those in the O₂ layer, consistent with earlier comparisons reported by 330 

López-González et al. (2007). By contrast, Aura/MLS temperatures are, on average, about 3 K lower than the retrieved values 

in the OH layer, but about 4.7 K higher than those in the O₂ layer. 

Because satellite overpasses provide only limited temporal sampling and do not fully coincide with the continuous ground-

based measurements in either time or location, a detailed comparison of nocturnal evolution is not feasible. In addition, 

differences in sampling geometry, field of view, and spatial resolution between satellite and ground-based observations, 335 

together with the limited vertical resolution and representativeness of satellite retrievals near the upper mesosphere, may also 

contribute to the remaining discrepancies. Nevertheless, the satellite comparisons do not indicate any obvious inconsistency 

in the retrieved temperature levels and provide useful external context for interpreting the observed nocturnal temperature 

variations. 
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 340 

Figure 7: Rotational temperatures retrieved from MASP dual-channel observations on 2–7 February 2024 using the FASLR 

algorithm. The blue and orange curves represent the OH (6–2) and O₂ (0–1) rotational temperatures, respectively. Collocated 

satellite temperatures in the corresponding layers are indicated by colored circles: dark blue for SABER OH, dark red for SABER 

O₂, light blue for Aura/MLS OH, and light red for Aura/MLS O₂.  

4.2.2 Comparison with SD-WACCMX and NRLMSIS 2.1 345 

Figure 8 shows the composite nocturnal evolution of rotational temperature, obtained by aligning the six nights in local time 

and calculating the mean at each time stamp. The O₂ (0–1) rotational temperatures are mainly distributed within 185–200 K 

(Fig. 8a), whereas the OH (6–2) rotational temperatures are mainly distributed within 202–215 K, with a noticeable 

enhancement during the early part of the night (Fig. 8b). To further assess the accuracy of the retrieved temperatures, 

temperatures from the whole-atmosphere model SD-WACCMX and the empirical model NRLMSIS 2.1 are also included for 350 

comparison. 

Because both models have coarser spatiotemporal resolution and different representativeness from the ground-based 

measurements, they cannot fully reproduce the short-term variability and local extrema captured by the observations. The 

comparison therefore focuses on the nighttime mean level and the slowly varying background component. For O₂ (0–1), the 
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nighttime mean temperature and low-frequency background from SD-WACCMX and NRLMSIS 2.1 are generally consistent 355 

with the retrieved temperatures, indicating that the FASLR results are physically reasonable at the background level. For OH, 

however, the composite temperatures are clearly higher than both model results during the early part of the night and gradually 

approach the model range later in the night. This indicates that the agreement for OH is more limited and is mainly evident 

during the middle and later parts of the night, rather than throughout the full nocturnal period. 

The elevated OH temperatures during the early part of the night may reflect remaining representativeness differences between 360 

the actual OH emission layer and the fixed-range weighted model background, rather than a simple retrieval bias. Although 

the model temperatures were derived by weighted averaging over the altitude range corresponding to the OH emission region, 

the effective height and thickness of the OH layer may still vary with local time and atmospheric dynamics, even within a 

single night (Wüst et al., 2023). In addition, previous comparisons between ground-based OH temperatures and profile-based 

OH-equivalent temperatures have shown that variability in OH layer altitude and thickness can introduce biases when fixed or 365 

climatological weighting functions are used to derive OH-equivalent temperatures (Mulligan and Lowe, 2008). Short-term 

variability is also much weaker in the models, leading to differences in the detailed temporal evolution that are likely related 

to model resolution and sampling. Accordingly, the model–observation agreement is interpreted as support for the background-

level reliability of the FASLR results, rather than as a direct validation of short-term perturbations. Overall, the composite 

comparison indicates that the FASLR retrievals capture a physically reasonable nocturnal background state, with stronger 370 

agreement with the models for O₂ (0–1) than for OH, especially during the early part of the night. 

 

Figure 8: Composite nocturnal evolution of rotational temperatures from six observation nights and comparison with model results. 

(a) O₂ (0-1) rotational temperature. (b) OH (6–2) rotational temperature. The thick colored curves denote the composite mean of the 
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MASP-retrieved temperatures, while the green and black curves represent the SD-WACCMX and NRLMSIS 2.1 results, 375 

respectively. The faint gray curves indicate the individual nightly temperature series. The O₂ results are broadly consistent with the 

modeled background, whereas the OH temperatures are clearly elevated during the first part of the night, with model agreement 

improving during the latter part of the night. 

5. Assessment of FASLR retrievals for wave diagnostics 

To evaluate the capability of the FASLR temperature series for identifying wave signatures, the rotational temperature and 380 

emission intensity time series derived from the O₂ and OH channels were analyzed. Variability on different temporal scales 

was characterized using two complementary approaches, in which spectral analysis was employed to identify dominant 

periodic oscillations in the nighttime series, whereas wavelet analysis was applied to detect transient wave activity. 

Two representative events from different observation nights are selected for illustration. The first case corresponds to 2 

February 2024, when a stable dominant oscillation is observed throughout the night and analyzed using spectral methods. The 385 

second case corresponds to 7 February 2024, during which a transient enhancement of wave activity is detected and 

investigated using wavelet analysis.  

5.1 Dominant oscillation on 2 February 2024 

During the campaign, the effective observing duration for each night was ~10 h. The retrieved temperature time series therefore 

provides sufficient temporal coverage and resolution to support statistical analyses of whole-night variability. On this basis, 390 

consistency analyses of oscillations are performed using the dual-channel rotational temperature T(t) and emission intensity 

I(t).  

The slowly varying nocturnal trend in the temperature and intensity series is removed by second-order polynomial detrending. 

The residual series are then normalized by the corresponding nightly mean values to obtain the relative perturbations, ΔT/T0 

and ΔI/I0 , where T0 and I I0 are the nightly mean temperature and intensity, respectively. These normalized perturbation series 395 

are subsequently analyzed using Lomb–Scargle analysis to identify the dominant long-period oscillation with periods longer 

than 6 h (Takahashi et al. 2011). A sinusoidal fit is then performed at the identified period to derive the amplitude, phase, and 

fit quality, which together characterize the primary features of the whole-night oscillation. Representative nights are identified 
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by requiring the dominant periods derived from temperature and intensity in both the O2 and OH channels to agree within 

±15%, and the corresponding sinusoidal fits to yield correlation coefficients r>0.7. 400 

Among the six nights analyzed, only 2 February 2024 satisfied the above selection criteria and was therefore chosen for detailed 

analysis. Figure 9 illustrates the representative results for the night of 2 February 2024. Figure 9a and 9b present the O2 and 

OH temperature series, respectively, while Figure 9c and d show the corresponding O2 and OH emission-intensity series. In 

each panel, the upper part shows the raw time series together with the fitted second-order polynomial background, whereas 

the lower part shows the normalized residuals and the sinusoidal fit at the identified dominant period. The dominant periods 405 

derived from Fig.9 are 6.93, 6.90, 6.78, and 6.82 h, respectively, and the corresponding fit correlations all exceed 0.85, 

indicating a common long-period oscillation shared by temperature and intensity in both channels. The ~6.8–6.9 h signal is 

treated here as a common long-period component. Although a tidal contribution cannot be excluded, the present single-station 

analysis does not allow an unambiguous identification of its dynamical origin. 

Given the common dominant period identified within each emission layer, the Krassovsky parameter, 𝜂 = |𝜂|ⅇ−ⅈ𝜙, is used to 410 

characterize the coupling between temperature and intensity perturbation. Here ∣η∣denotes the amplitude ratio of the 

relative intensity perturbation to the relative temperature perturbation, and ϕ represents the phase lag of intensity relative to 

temperature (Walterscheid et al., 1987; Taylor et al., 1991). In both the O2 and OH layers, the temperature variation leads the 

intensity variation. In the O2 layer, the temperature phase leads the intensity phase by about 15.4∘ , corresponding to 

approximately 17.5 min. In the OH layer, the phase lead is about 17.4∘, equivalent to approximately 19.9 min. In addition, ∣415 

η∣differs markedly between the two layers, with values of 5.85 for O2 and 2.21 for OH, indicating a clear contrast in the 

amplitude response of intensity to temperature perturbations between the two emission layers. 

Overall, these results show that, in addition to providing stable temperature retrievals, FASLR can support diagnostics of 

dominant periodicity, sinusoidal characteristics, and temperature–intensity coupling within each emission layer. This 

demonstrates its suitability for nocturnal airglow variability analysis. 420 
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Figure 9: (a) O2(0-1) temperature series; (b) OH (6-2) temperature series; (c) O2 emission-intensity series; and (d) OH emission-

intensity series. Blue triangles denote the raw series, and blue dashed lines denote the slowly varying background trend; orange 

triangles denote the normalized residuals, and orange dashed lines denote the sinusoidal fits. The labels in each panel indicate the 

dominant period (P), the correlation coefficient of the sinusoidal fit (r), the fitted phase (in degrees), and the fitted amplitude of the 425 

normalized residual series. 

Table 1．Summary of dominant periods and sinusoidal fitting parameters for the series  

Layer Variable Period(h) Amplitude phase (deg) Correlation 

coefficient 

O₂ (T'/T0) 6.93 0.0595 113.1 0.8457 

OH (T'/T0) 6.89 0.0579 106.0 0.8569 

O₂ (I'/I0) 6.78 0.3480 97.7 0.8936 

OH (I'/I0) 6.82 0.1280 88.6 0.8713 

5.2 Short-period disturbance on 7 February 2024 

A continuous wavelet transform (CWT) was applied to the O₂ and OH rotational temperature and emission-intensity time series 

to identify short-period disturbances. A representative case occurred on 7 February 2024, when both channels exhibited 430 

enhanced short-period variability during the same nighttime interval. For the wavelet analysis, a moving-average method was 
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used to estimate the slowly varying background in the temperature and emission-intensity series, as shown in Fig. 10 a–d. The 

residual series obtained after background removal are presented in Fig. 10 e–h and were subsequently used for the continuous 

wavelet transform. 

Figure 10 e–h show that, after removal of the slowly varying background, all four residual series oscillate around zero and 435 

exhibit clear quasi-periodic fluctuations. In both emission layers, the temperature residuals are relatively smooth and are 

reasonably well represented by the sinusoidal fits, whereas the intensity residuals show stronger intermittency and sharper 

local enhancements. This suggests that the short-period disturbance is present in both temperature and intensity, but with more 

pronounced non-stationarity in the emission-intensity series. Among the four series, the OH emission-intensity residual is the 

least regular and is associated with the most diffuse wavelet-power distribution, indicating that its short-period component is 440 

less well defined than in the other three series. Nevertheless, its main power enhancement still overlaps in both time and period 

with the other series, and is therefore interpreted as a weaker but still consistent response to the same short-period disturbance. 

The wavelet power spectra in Fig. 10 i–l show enhanced short-period power on 7 February 2024. In Fig. 10 i–k, the dominant 

power enhancement is concentrated mainly within a common period range of about 1.5–2.2 h and occurs primarily during 

about 00:00–03:00 LT, although the exact peak period varies somewhat among variables. Compared with the other three series, 445 

the OH emission-intensity spectrum is more diffuse, suggesting that its short-period response is modulated by additional 

variability rather than dominated by a single narrow-band component. Nevertheless, its enhanced power still overlaps partially 

with the other series in time–period space, supporting the presence of a common short-period disturbance in the two emission 

layers. 
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 450 

Figure 10: (a), (b) Original O2 and OH temperature series with the estimated slowly varying background. (c), (d) Original O2 and 

OH emission-intensity series with the estimated slowly varying background. (e), (f) Residual temperature series after background 

removal, together with sinusoidal fits. (g), (h) Residual emission-intensity series after background removal, together with sinusoidal 

fits. (i)- (l) Continuous wavelet power spectra corresponding to panels (e)-(h). The black curves denote the cone of influence, and the 

white contours indicate the 95% significance level. 455 

To provide additional context for the short-period disturbance identified from MASP, simultaneous observations from MAWI 

were also examined. A zenith-centered region with a radius of 8° was selected from the MAWI images, and the median intensity 

within this region was used to construct a regional intensity time series. As shown in Fig. 11a and 11b, the slowly varying 

background was estimated using a moving-average method and removed to obtain the fluctuation series. The wavelet power 

spectrum in Fig. 11c shows enhanced short-period power mainly near 1.4–1.6 h during about 00:00–03:00 LT, overlapping the 460 

time interval of the MASP disturbance and partially overlapping its period range. Meanwhile, the corresponding imager frames 

in Fig. 11d display continuous band-like structures characteristic of gravity-wave activity. These independent observations 

therefore provide supportive evidence that a short-period gravity-wave disturbance was present during the interval identified 

from the MASP data. 
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 465 

Figure 11: (a) Zenith-region intensity series and estimated background. (b) Background-removed fluctuation series. (c) Wavelet 

power spectrum of the fluctuation series (d) Representative imager frames during 01:14–02:51 LT, showing band-like gravity-wave 

structures. These observations provide independent support for the existence of a short-period gravity-wave disturbance during the 

MASP event interval. 

6. Discussion Conclusions 470 

FASLR was developed as an efficient and accurate method for retrieving airglow rotational temperatures from MASP 

observations in the mesopause region. By establishing ratio–temperature relationships from forward-modeled synthetic spectra 

and combining multiple ratio-based temperature estimates with sensitivity- based weights, FASLR avoids the multi-parameter 

iterative optimization required by MPII. As a result, it substantially improves computational efficiency while reducing 

sensitivity to occasional anomalies in individual spectral lines and retaining retrieval accuracy. 475 

Validation against two nights of simultaneous MASP and sodium fluorescence Doppler lidar observations shows that the 

FASLR temperatures are consistent with the corresponding lidar measurements. FASLR was also applied to dual-channel 

rotational temperature retrievals for the O₂ (0–1) and OH (6–2) emissions. Comparisons with collocated temperatures from 

SABER and Aura/MLS indicate overall consistency in the background temperature level, the relative offset between the OH 

and O₂ layers, and the range of nocturnal variability. Given differences in sampling and representativeness, the interpretation 480 

focuses on these broader features. In comparison with SD-WACCMX and NRLMSIS 2.1 at the corresponding representative 

emission-layer altitudes, the O₂ rotational temperatures reproduce the nocturnal background evolution and temperature levels 
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reasonably well. By contrast, the OH rotational temperatures show a pronounced early-night high bias, although this 

discrepancy decreases as the night progresses and agreement with the model temperatures improves during the latter half of 

the night. This difference may be related to emission-layer altitude variability and to representativeness differences between 485 

ground-based observations and model fields. 

Two representative cases further demonstrate that FASLR temperatures support quantitative analysis of variability on different 

temporal scales. On 2 February 2024, temperature and intensity perturbations in the O₂ and OH emission layers share a 

common dominant period band and stable phase relationships. These features support standard airglow wave diagnostics, 

including estimation of the Krassovsky parameter. On 7 February 2024, both emission layers exhibit concurrent power 490 

enhancements within similar period bands over the same interval, while simultaneous MAWI images reveal coherent banded 

structures. Together, these results demonstrate that FASLR temperatures are suitable for quantitative analysis of both longer-

period nocturnal variability and shorter-period disturbances, supporting investigations of multi-scale wave processes in the 

mesopause region. Further efforts may also explore the development and validation of a framework for retrieving two-

dimensional temperature-perturbation fields by combining FASLR temperatures with wave-structure information from MAWI 495 

image sequences.  

Data availability 

The datasets supporting this study are archived in Zenodo at https://doi.org/10.5281/zenodo.19363272. The deposited materials 

include the raw dual-channel MASP observations collected during the six nights from 2 to 7 February 2024; the processed 

temperature comparison data for 26 April 2023 and 23 May 2023, including the FASLR and MPII temperature series and the 500 

processed sodium fluorescence Doppler lidar temperature products used in the manuscript; and the representative MAWI image 

subset directly used in the gravity-wave event analysis presented in this study. The lidar data archived in the repository 

correspond to the processed temperature products used in this work rather than the original raw measurements. The SD-

WACCMX data used in this study were generated by our group using the WACCM-X model in the specified-dynamics 

configuration and are available from the corresponding author upon reasonable request. Third-party datasets and model 505 

resources used in this work are available from their official sources. TIMED/SABER data were obtained from the SABER 
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available through the NASA CCMC access pages. These third-party datasets and model resources are cited accordingly in the 

manuscript. 
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