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Abstract. This study investigates four mesospheric front events observed over Cachoeira Paulista (23°S, 45°W), Brazil, 

between 2007 and 2008, using coordinated measurements from an all-sky airglow imager, meteor wind radar, and sodium 

temperature lidar. The events, recorded on 14–15 September 2007, 5 October 2007, 31 March 2008, and 3 September 2008, 

were classified as mesospheric bores, two undular and two turbulent based on airglow morphology and atmospheric 

background structure. Vertical profiles of wind and temperature, along with vertical wavenumber diagnostics, revealed the 15 

presence of thermal and thermal-Doppler ducts supporting the bores. Classical complementary emission responses were 

observed in single-duct environments, while multi-duct layering led to complex airglow signatures, including mixed bright 

and dark fronts. This is the first study in Brazil’s low-latitude region to employ simultaneous multi-instrument observations 

for mesospheric bore analysis, offering new insights into duct dynamics, emission behavior, and wave–duct interactions in 

the mesosphere and lower thermosphere. 20 

1 Introduction 

Mesospheric fronts are dynamic atmospheric phenomena occurring in the mesosphere and lower thermosphere 

(MLT) region, often associated with the propagation and breaking of gravity waves. These fronts, observable as sharp 

airglow boundaries in all-sky images, play a crucial role in understanding vertical atmospheric coupling and energy transfer 

processes at low and mid-latitudes. Depending on their morphology and generation mechanisms, mesospheric fronts are 25 

generally classified into three types: (i) undular bore fronts, (ii) turbulent bore fronts, and (iii) wall fronts (Dewan & Picard, 

1998; Smith et al., 2005). Undular bore fronts are typically supported by vertical ducting in the MLT region, resulting from 

thermal inversions, Doppler shifts, or a combination of both (thermal-Doppler ducts). Their distinguishing feature is the 

presence of trailing wave trains behind the leading front. Turbulent bores, although also duct-supported, lack these trailing 
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waves and instead exhibit signs of nonlinear dissipation behind the front. Wall fronts, in contrast, arise from freely 30 

propagating gravity waves that become unstable and break in a non-ducted atmosphere. Although wall fronts may mimic 

bore morphology in airglow images, they differ fundamentally in origin. 

The initial observation and characterization of mesospheric bore events emerged from the ALOHA-93 campaign 

(Taylor et al., 1995), which reported sharp wavefronts in OH, Na, O₂, and OI 557.7 nm airglow emissions. Subsequent 

studies (e.g., Smith et al., 2005; Medeiros et al., 2005; Narayanan et al., 2009; Fechine et al., 2009; Medeiros et al., 2018) 35 

refined this classification based on trailing wave behavior, duct structure, and emission intensity. Ducting mechanisms such 

as thermal inversions, wind shear, or their combination i.e., thermal-Doppler ducts, determine whether gravity waves steepen 

into bores or dissipate. The so-called complementary effect, proposed by Dewan and Picard (1998), describes how the duct’s 

placement relative to airglow layers can produce contrasting intensity changes above and below the duct region. 

In recent years, progress has been made in both observing and simulating bore dynamics and ducting conditions. 40 

For example, Ramachandran et al. (2023) used numerical simulations and airglow imagery to demonstrate how duct 

thickness and initial wave amplitude govern bore formation and trailing wave patterns. Hecht et al. (2023) observed a 

mesospheric bore with high spatial resolution and showed that its dissipation via small-scale instabilities led to momentum 

flux divergence and mean wind acceleration within a thermal–Doppler duct. Similarly, Simkhada et al. (2008) presented 

observational evidence of short-period gravity waves and mesospheric bores Doppler ducted in the 80–100 km region, 45 

confirming strong wave trapping through matched airglow and wind measurements. A bore–front interaction observed by 

Mondal et al. (2021) revealed a thermally ducted undular mesospheric bore over the western Himalayas, with its formation 

attributed to gravity wave–duct interactions and its dissipation linked to neutral instabilities and weakening of the duct layer. 

In the South American sector, recent climatological and case studies have improved understanding of low-latitude 

gravity wave dynamics. Carvalho et al. (2023) analyzed 10 years of mesospheric front activity over São João do Cariri 50 

(7.4°S), identifying a strong seasonal pattern and preferential north-eastward propagation. In southern Brazil, Li et al. (2025) 

reported long-lasting, intense concentric gravity waves (CGWs) over southern Brazil linked to fast-moving severe 

thunderstorms, with multi-instrument observations revealing their propagation from the mesosphere to the thermosphere and 

highlighting the role of weak background winds and Doppler-shift effects in enabling vertical coupling across atmospheric 

layers. While Wrasse et al. (2024) analyzed over 200 quasi-monochromatic gravity wave events observed over southern 55 

Brazil, attributing their seasonal propagation patterns to background wind dynamics and identifying jet stream–cold front 

interactions as a key source mechanism through case-specific ray-tracing analysis. 

Despite these advances, there remains a shortage of high-resolution, multi-instrument case studies exploring 

mesospheric front dynamics at low-latitudes in Brazil. This study addresses the gap by analyzing four mesospheric front 

events observed over Cachoeira Paulista (23°S, 45°W) between 2007 and 2008, using coordinated measurements from an 60 

all-sky airglow imager, an interferometric meteor radar, and a sodium (Na) temperature lidar. These four events were 

classified as mesospheric bores, comprising two undular and two turbulent cases. Detailed analysis of background wind and 

temperature profiles was conducted to characterize ducting conditions (thermal, Doppler, or combined) and to investigate the 
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presence of the complementary effect across different airglow layers. This work not only contributes to one of the few 

simultaneous observational studies of mesospheric fronts in Brazil but also contextualizes these events within the broader 65 

theoretical and observational frameworks developed in recent years. The findings provide new insights into duct size, duct-

induced bore formation and the variability of wave–duct interactions under low-latitude MLT conditions. 

2 Instrumentation and Methods 

     Simultaneous data were acquired using an all-sky airglow imager, an interferometric meteor radar, and a Na temperature 

lidar over Cachoeira Paulista (23° S, 45° W), Brazil, between 2007 and 2008. Together, these instruments provided high-70 

resolution measurements of airglow structures, horizontal winds, and temperature profiles in the MLT region. The objective 

was to characterize the morphology and background conditions associated with each front and to identify the nature and 

source of any ducting mechanisms.  

The all-sky airglow imager used in this study is equipped with a back-illuminated CCD camera (1340 × 1300 

pixels, 20 µm pixel size), a 180° fish-eye lens, and a telecentric optical system. It includes a filter wheel and objective lens, 75 

enabling sequential imaging of key mesospheric airglow emissions: hydroxyl (OH, 715–930 nm), molecular oxygen (O₂, 0–

1), and atomic oxygen (OI 557.7 nm). These emissions originate at nominal peak altitudes of approximately 87 km (OH), 

94 km (O₂), and 97 km (OI 557.7 nm). Integration times were 15 s for OH and 90 s for both O₂ and OI. Images were on-chip 

binned to 650 × 670 pixels to enhance the signal-to-noise ratio. Observations were conducted under moonless, clear-sky 

conditions when the Sun and Moon were at least 12° and 0° below the horizon, respectively. More details about the 80 

Cachoeira Paulista all-sky imager have been reported by Medeiros et al. (2004). 

Temperature profiles were measured using a narrowband Na temperature lidar located at São José dos Campos 

(23° S, 46° W), approximately 100 km east of Cachoeira Paulista. This system uses resonant scattering from the mesospheric 

sodium layer to retrieve temperature profiles between 80 and 100 km altitude, with a vertical resolution of 0.5 km and a 

temporal resolution of 2.5 minutes. The lidar operates by mixing the outputs of two Nd:YAG lasers (at 1064 nm and 85 

1319 nm) to generate the 589 nm emission needed to probe the Na D2a line. Both lasers are CW-seeded to maintain a 

spectral linewidth below 100 MHz. Temperatures were calculated by comparing backscattered signals at the Na resonance 

peak and crossover minimum. The absolute temperature uncertainty is estimated at ±5 K in regions with high sodium 

density. Additional system specifications are provided in Clemesha et al. (2010) and Yang et al. (2010). 

Horizontal wind measurements in the MLT region were obtained using an all-sky interferometric meteor radar 90 

operating at 35.24 MHz. The system transmits via a three-element Yagi antenna and receives backscattered signals from 

meteor trails using five two-element Yagi antennas arranged orthogonally. It operates with a 2 kHz pulse repetition 

frequency and a 13 µs pulse width. The radar provides zonal and meridional wind profiles over the 80–100 km altitude 

range, with a vertical resolution of 2 km and a temporal resolution of 1 hour. Detailed descriptions of the radar methodology 

are available in Hocking et al. (2001) and Batista et al. (2002).  95 
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To assess the vertical propagation conditions of the observed wavefronts, the square of vertical wavenumber      

using the Taylor–Goldstein dispersion relation was computed, which includes both wind and temperature effects (Nappo, 

2002) 

    *
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(   )
    

 +                                                                               (1) 

where,         , is the horizontal wavenumber and    is the horizontal wavelength, c is the phase velocity of the wave, 100 

  is the wind velocity in the wave direction, and     is the second derivative of   with height (z).     (
 

 

  

  
)  is the square 

of Brunt-Vaisala frequency (buoyancy frequency),   is the potential temperature,   is the acceleration due to gravity. 

  (   ) ⁄  represents the temperature effect while     (   )⁄  represents the wind.  

A wave is considered to be freely propagating if     ; otherwise, it is evanescent. A duct is identified where a region of 

positive m² is bounded above and below by regions of negative m², enabling vertical trapping and horizontal propagation of 105 

gravity waves. By isolating the contributions of temperature and wind to the total m², we classify ducts as thermal, Doppler, 

or thermal-Doppler types. Spectral characteristics of the wavefronts were analyzed using the OH airglow images, while the 

O₂ and OI 557.7 nm emissions were used to examine the vertical extent and intensity patterns, particularly in relation to the 

complementary effect predicted by Dewan and Picard (1998). This multi-instrumental approach allowed for detailed 

classification of the mesospheric fronts and a comprehensive analysis of the background atmospheric conditions responsible 110 

for their formation and evolution. 

3 Results and Discussion 

This study analyzes four mesospheric front events observed over Cachoeira Paulista (23° S, 45° W), Brazil, between 

2007 and 2008, using 27 nights of coordinated measurements. While TIMED/SABER data are commonly used to 

characterize mesospheric temperature profiles over Brazil, the Na lidar employed in this study offered higher vertical 115 

resolution, allowing finer-scale duct structures to be resolved. Consistent with recommendations by Narayanan et al. (2009), 

the combined use of Na lidar, meteor radar, and all-sky imaging provided a comprehensive diagnostic framework for 

mesospheric front events. This comprehensive dataset enabled the identification and detailed examination of four prominent 

events, which occurred on the nights of: (1) 14–15 September 2007, (2) 5 October 2007, (3) 31 March 2008, and (4) 3 

September 2008. Each event was interpreted within the framework of mesospheric front theory, with classification based on 120 

airglow morphology and the background atmospheric structure. Specifically, vertical profiles of horizontal wind and 

temperature, combined with vertical wavenumber diagnostics, were used to determine the type of front and the nature of any 

supporting atmospheric ducting (thermal, Doppler, or thermal-Doppler). 

Due to limitations in image quality and signal-to-noise ratio, only the OH emission band was used for quantitative 

spectral analysis. The O₂ and OI 557.7 nm emissions, although useful for visual confirmation and for estimating the vertical 125 

extent of the observed features, were excluded from the spectral analysis. From the OH images, several key spectral 
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parameters were extracted. These included the horizontal wavelength (λₕ), defined as the horizontal distance in kilometers 

between successive wave crests; the wave period (τ), which is the time in minutes required for a complete oscillation of the 

wave; and the phase speed (c), representing the horizontal propagation speed of the wave phase in meters per second (m/s). 

The analysis also recorded the emission intensity type, distinguishing between bright fronts, where airglow emission is 130 

enhanced, and dark fronts, where emission is reduced relative to the background. 

Finally, the propagation direction, expressed as the zenithal azimuth angle (), was determined as the direction of wave 

travel in degrees measured clockwise from geographic north at the observation zenith. Together, these parameters provided a 

quantitative description of the dynamical behavior of each mesospheric front and formed the basis for interpreting their 

interaction with the surrounding MLT. Table 3.1 summarizes the key characteristics of the observed mesospheric front 135 

events. It includes the date of each event, the time interval during which spectral analysis was performed on the traveling 

wave front, and the horizontal wavelengths of the trailing wave structures, which ranged from 32.7 to 40.9 kilometers. Wave 

periods were within 9.2 to 38.0 min. In particular, Event 4 displayed the longest period of approximately 38.0 minutes, 

indicating a low-frequency wave compared to other observations. Phase speeds varied considerably, from 14.7 to 74.3 

meters per second. Both bright fronts (BF) and dark fronts (DF) were detected, reflecting differences in the vertical structure 140 

of the background atmosphere and the relative position of the duct to the emission layer. 

 

Table 1: Mesospheric front parameters from spectral and airglow imaging analysis. 

Event Emission Layer Date 
Local Time 

(GMT – 3:00) 
   (km) τ (min) ϲ  (m/s) Emission Type  (°) 

1 OH 14/09/2007 00:16 – 00:36 32.7 14.8 36.7 BF 116.6 

2 OH 05/10/2007 21:00 – 21:43 34.7 10.7 54.0 DF 118.3 

3 OH 31/03/2008 21:26 – 22:37 33.5 38.0 14.7 DF 121.6 

4 OH 03/09/2008 23:16 – 23:30 40.9 9.2 74.3 BF 28.6 

 

 145 

 

3.1 Event 1: 14–15 September 2007 — Turbulent Bore with Complementary Effect 

On the night of 14 –15 September 2007, a mesospheric front was observed over Cachoeira Paulista using 

coincidence measurements from an all-sky airglow imager, a meteor radar, and a Na temperature lidar. The event occurred 

between 23:42 and 01:13 local time (LT = GMT –3) and featured a prominent bright wavefront in the OH emission layer, 150 

https://doi.org/10.5194/egusphere-2025-6569
Preprint. Discussion started: 16 February 2026
c© Author(s) 2026. CC BY 4.0 License.



6 

 

propagating from northwest to southeast (NW–SE) at an azimuthal angle of 116.6° with a phase speed of 36.7 m/s. Figure 1a 

shows the bright front in the OH emission at 00:27 LT. Notably, no coherent trailing wave trains followed the front, 

indicating a turbulent bore rather than an undular type. Concurrently, the O₂ and OI 557.7 nm airglow images (Figures 1b 

and 1c) revealed darkening behind the front. This intensity pattern bright in OH and dark in higher-altitude emissions 

suggests a vertical modulation consistent with the complementary effect described by Dewan and Picard (1998). From the 155 

images, it is possible to infer the type of mesospheric front observed, but in order to affirm such classification, analysis of the 

stability condition in the MLT region was done using the potential temperature (θ), (N2), (u) and (m2). Mesospheric internal 

bores are typically associated with ducts, which are formed due to thermal effects, Doppler effects, or a combination of both. 

 

 160 

Figure 1: Airglow images of mesospheric wavefronts observed during Event 1 on the night of 14–15 September 2007. (a) A 

bright front in OH emission at 00:27:09 LT, (b) a corresponding dark front in O₂ (0–1) emission at 00:35:50 LT, and (c) a 

dark front in OI 557.7 nm (O5) emission at 00:41:06 LT. The direction of wavefront propagation is indicated by arrows in 

each panel. 

 165 

To evaluate the background behavior of the atmospheric conditions that supported this bore, the vertical profiles from the 

lidar and radar at 00:30 LT (Figure 2) were examined at a time that corresponds to the bore front observation as captured 

across the field of view (FOV) of the all-sky imager. Panel (a) shows two temperature inversion layers (positive slopes) 

centered at ~87.5 km and ~97 km, suggestive of potential thermal duct formation. Panel (b) displays the N², indicating stable 

stratification. Wind profiles in panel (c) include zonal, meridional, and wave-propagation-aligned components. The error 170 

bars reflect wind retrieval uncertainties. In panel (d), m² profile combining wind and temperature effects shows a duct 

structure spanning 85–92 km, where m² is positive and bounded by negative values above and below, indicating a vertically 

trapped waveguide. To determine the dominant ducting mechanism, the contributions of temperature (Figure 2e) and wind 
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(Figure 2f) were examined separately. A strong duct structure was evident in the temperature-only profile but absent in the 

wind shear-only profile, indicating that the duct was primarily thermal in origin. 175 

 

 

 

 

Figure 2: Vertical profiles for Event 1 on 14–15 September 2007: (a) temperature, (b) buoyancy frequency (N²), (c) zonal, 180 

meridional, and wave-direction winds (with error bars), (d) total m², (e) m² from temperature, and (f) m² from wind. 

 

The duct’s vertical extent from 85–92 km overlaps with the nominal OH emission altitude (~87 km), placing the OH layer 

below the duct’s midplane (~88.5 km). According to the complementary effect model (Dewan and Picard, 1998), such 

positioning results in downward compression of the OH layer, enhancing its brightness. In contrast, both the O₂ and OI 185 

emissions, located at higher altitudes (~94 km and ~97 km, respectively), lie above the duct and are expected to be pushed 

upward, leading to reduced emission intensity. This interpretation aligns with the observed airglow responses: a bright OH 

front and darkened O₂ and OI regions. Figure 3 schematically illustrates this configuration, reinforcing that the observed 
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emission pattern is consistent with the complementary effect and supports the classification of this event as a turbulent bore 

embedded within a thermally induced duct. 190 

 

 

 

 

Figure 3: Schematic illustration of the oscillating duct and the resulting complementary effect on airglow emission layers at 195 

different altitudes during Event 1 (14–15 September 2007). 

 

3.2 Event 2: 5 October 2007 — Undular Bore Driven by Thermal Ducting 

On the night of 5 October 2007, a well-defined mesospheric wavefront was also observed at the same station between 20:18 

and 22:11 LT using the all-sky airglow imager. The wave propagated from northwest to southeast, with an azimuth angle of 200 

118.3° and a phase speed of approximately 54.0 m/s. The front exhibited a distinct dark leading edge in the OH airglow, 

followed by phase-locked trailing waves hallmarks of an undular mesospheric bore. Figure 4a shows the dark front in OH 

emission at 21:35:12 LT. Similar dark regions were also detected in the O₂ (Figure 4b) and OI 557.7 nm (Figure 4c) 

emissions, indicating a vertically coherent response across all airglow layers. This consistent dimming supports the inverse 

complementary effect described in literature, whereby emission layers located above a duct are displaced upward by ducted 205 

gravity waves, leading to reduced intensities. 

Figure 5 shows the background conditions of the MLT region on 5 October 2007. In panel (d), a well-defined duct region is 

visible between 80.5 and 83 km (2.5 km), along with two other possible ducts located at 83–84.5 km and 92–94 km, 

respectively. Panel (e), which isolates the temperature effect, also shows a duct spanning 80.5 to 84.5 km. Additionally, 
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panel (f), representing the wind contribution, reveals two small duct structures: one at 86.5 - 87.5 km, and the other at 92 - 210 

93.5 km. 

 

 

 

 215 

Figure 4: Airglow images of Event 2 on 5 October 2007: (a) dark front in OH at 21:35:12 LT, (b) dark front in O₂ at 

21:18:47 LT, and (c) dark front in OI 557.7 nm at 21:33:03 LT. Arrows indicate the direction of propagation. 

 

Based on the m² profile in panel (d), it is most likely that the wavefront propagated into the duct located between 80.5 and 

83 km. This duct appears to have been primarily driven by the temperature structure, indicating the presence of a thermal 220 

duct rather than one induced by wind. Although another narrow propagation region was evident around 92–94 km in the m² 

profile, the observed wavefront complementary pattern does not align with propagation at that altitude. Moreover, the 

narrow width of this duct approximately 2.0 km is insufficient to support effective gravity wave propagation. This 

interpretation is further supported by the strong positional similarity between the duct seen in panel (d) and that in panel (e), 

where a broader duct of 4.0 km extending from 80.5 to 84.5 km was observed. The greater vertical extent of this region 225 

enhances its suitability for sustaining gravity wave activity. Although some positional resemblance was also observed 

between panels (d) and (f), the ducts seen in panel (f) are relatively shallow less than 2.0 km thick which makes them 

insufficient to initiate the development of a mesospheric bore alone. 

 

 230 
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Figure 5: Vertical profiles for Event 2 (5 October 2007): (a) temperature, (b) buoyancy frequency (N²), (c) zonal, 

meridional, and wave-direction winds (with error bars), (d) total m², (e) m² from temperature, and (f) m² from wind. The 235 

dominance of thermal inversion as the ducting mechanism supports the findings of Ramachandran et al. (2023), who showed  

that bore characteristics can be reproduced using thermal ducts alone. 

 

3.3 Event 3 – 31 March 2008: Turbulent Bore Driven by a Thermal Duct 

On the night of 31 March 2008, a prominent mesospheric front was captured between 21:43 and 22:57 LT. The 240 

front appeared in the OH emission as a distinct dark wavefront lacking any discernible trailing waves. It propagated from 

northwest to southeast (azimuth ≈ 121.6°) with a moderate phase speed of 14.7 m/s (Table 3.1). The morphology and 

absence of post-front wave trains are characteristic of a turbulent bore-type event. Observation time was limited due to 

intermittent cloud cover. Figure 6 presents the wavefront as seen across the three airglow emissions: OH, O₂ (0–1), and OI 

557.7 nm. A coherent dark front is evident in all layers, maintaining a consistent propagation direction. The uniform 245 

dimming across emissions suggests that the duct responsible for the bore was located below the airglow layers, causing 
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upward vertical displacement. This resulted in reduced intensity, in agreement with the inverse complementary effect 

described in previous studies. 

 

 250 

 

 

 

 

 255 

Figure 6: Airglow images of Event 4 on 31 March 2008: (a) dark front in OH emission at 21:52:33 LT, (b) dark front in O₂ 

emission at 22:31:53 LT, (c) dark front in OI emission at 22:28:10 LT. Arrows show the direction of propagation (azimuth ≈ 

121.6°). 

 

The vertical atmospheric profiles presented in Figure 7 further support the existence of a thermal duct between 82 and 260 

84.5 km. The m² profile (Figure 7d) reveals a well-defined region of positive m² bounded above and below by evanescent 

layers, indicative of a duct capable of supporting gravity wave trapping. This duct structure is also evident in the 

temperature-only m² profile (Figure 7e), while the wind-only contribution (Figure 7f) shows no significant ducting features. 

These results suggest that the duct was primarily thermally driven, with minimal influence from wind shear. Despite the 

presence of a well-formed duct, the observed absence of trailing waves points to a turbulent bore regime. Such bores 265 

typically arise when incoming wave amplitudes are sufficiently large to induce wave breaking upon entering the duct, 

leading to enhanced energy dissipation and turbulence instead of the development of coherent trailing wave trains (Smith et 

al., 2005; Hecht et al., 2023). 

 

 270 
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Figure 7: Vertical profiles for Event 4 on 31 March 2008: (a) temperature, (b) buoyancy frequency (N²), (c) zonal, 275 

meridional, and wave-direction winds (with error bars), (d) total m², (e) m² from temperature, and (f) m² from wind. 

 

3.4 Event 4: 3 September 2008 — Undular Bore with Multi-Duct Induced Bright Front 

On the night of 3 September 2008, a distinct mesospheric front was observed between 22:21 and 23:39 LT. The 

wave propagated from southwest to northeast (azimuth ≈ 24.8°) with a phase speed of 74.3 m/s, the highest among the four 280 
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events analyzed (Table 3.1). A bright leading front was recorded across all three emission layers (OH, O₂, and OI), followed 

by a dark trailing region (Figure 8). Notably, only a single trailing wave was phase-locked to the front unlike the typical 

multi-wave structure seen in classic undular bores. This morphology deviated from the classical complementary effect 

model, which predicts brightness variations based on the relative position of the emission layer to the duct. 

 285 

 

 

Figure 8: Airglow images of Event 5 on 3 September 2008: (a) Bright front in OH emission at 23:21:07 LT, (b) Dark front 

in O₂ emission at 23:20:49 LT, (c) Dark front in OI emission at 23:16:06 LT. Arrows indicate propagation direction (azimuth 

≈ 24.8°). 290 

Vertical diagnostics of the background atmosphere (Figure 9) revealed a multi-layered ducting environment. Two 

major ducts were identified in the m² profile (Figure 9d): a narrow lower thermal duct between 82 and 84.5 km, and a 

broader thermal-Doppler duct extending from 85 to 95.5 km. The temperature-only profile (Figure 9e) showed three duct 

regions at 82–84.5 km, 85–93 km, and 93.5–96 km, while the wind-only contribution (Figure 9f) revealed multiple thin 

Doppler ducts centered near 89, 91, and 93 km, each less than 1 km thick. This complex vertical structure suggests an 295 

interplay between thermal and wind-driven effects, with the broad upper duct overlapping typical OH and O₂ emission 

altitudes. The resulting wave–duct interaction led to a non-classical emission pattern: the lower thermal duct induced upward 

displacement, producing darkening, while the upper duct compressed the OH emission layer, enhancing brightness. This 

created a bright leading front followed by a dark region contrary to single-duct predictions. Although direct observations of 

emission responses in multi‑duct settings remain limited, studies by Smith et al. (2005), Ramachandran et al. (2023) and 300 

Hecht et al. (2023), demonstrate that variations in duct characteristics strongly influence bore morphology and emission 

features providing reasonable analogues for interpreting complex brightness patterns in multi‑layer environments 

demonstrating that bore morphology is sensitive to duct overlap, vertical extent, and intensity. 
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 305 

 

 

 

 

 310 

 

 

 

Figure 9: Vertical profiles for Event 5 on 3 September 2008: (a) temperature, (b) buoyancy frequency (N²), (c) zonal, 

meridional, and wave-direction winds (with error bars), (d) total m², (e) m² from temperature, and (f) m² from wind. 315 
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4 Effects of Observed Bore Fronts  

The mesospheric bore fronts analyzed in this study exhibit several important dynamical and structural impacts on the MLT. 

These effects are driven by the interaction of gravity waves with varying background conditions, including atmospheric 

ducting, wind shear, and temperature inversions. The bore-type fronts, both undular and turbulent, demonstrated significant 320 

vertical displacements of airglow layers, as evident in the alternating bright and dark bands in OH and O₂ emissions. These 

modulations point to strong vertical parcel motions, consistent with internal wave-induced perturbations. In cases with 

undular bores (Events 2), the wavefront propagated with coherent trailing wave trains, enabling efficient horizontal 

redistribution of energy and momentum across the ducting region. The associated vertical transport may facilitate mixing of 

minor species, modulate mesospheric temperature structure, and potentially impact the distribution of metallic layers such as 325 

sodium. 

The turbulent bores (Events 1 and 3) lacked coherent trailing structures, instead showing signs of wave breaking 

and dissipation. These are indicative of localized turbulence and enhanced vertical mixing, which can modify stratification 

and lead to increased small-scale instability. These processes are significant for energy dissipation in the MLT and can also 

trigger secondary gravity wave generation or initiate Kelvin–Helmholtz instabilities during gravity wave breaking (Fritts 330 

et al., 2013). 

 

Across all cases, the observed emission responses were consistent with theoretical expectations for wave–airglow coupling. 

However, multi-duct environments, such as that observed in Event 4, introduced complex brightness structures, including 

inversions of the typical bright/dark patterns. These observations reveal that vertical layering plays a crucial role in 335 

modulating visible signatures, with important implications for interpreting airglow imagery. They also underscore the need 

for collocated wind and temperature measurements to accurately infer the underlying atmospheric dynamics. 

Beyond local dynamics, these mesospheric events may have significant implications for upper atmospheric 

interaction      and signal propagation. Gravity wave-induced turbulence in the MLT can map upward into the ionosphere, 

leading to irregularities that cause signal scintillation and phase delays in trans-ionospheric radio transmissions, including 340 

GNSS and satellite-based communication systems. Such disturbances may degrade navigation accuracy, disrupt satellite 

links, and affect radar remote sensing. Moreover, enhanced momentum fluxes and localized heating from bore activity can 

influence ionospheric layer formation, especially under multi-duct environments. 

5 Conclusion 

This study provided a comprehensive, multi-instrumental analysis of four mesospheric front events observed over Cachoeira 345 

Paulista (23° S, 45° W), Brazil, between 2007 and 2008. Leveraging simultaneous observations from an all-sky airglow 

imager, meteor wind radar, and Na temperature lidar, the morphology of each front was characterized, their propagation 

dynamics were assessed, and the background MLT conditions governing their evolution were diagnosed. Among the four 
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cases, all were identified as bore-type fronts, comprising both undular and turbulent types. The classification was closely 

linked to the presence or absence of atmospheric ducts: 350 

i. Thermal ducts supported Events 1, 2, and 3; 

ii. Thermal-Doppler ducts enabled bore formation in Events 4; 

In agreement with classical mesospheric front theory, duct width emerged as a critical parameter, with bore-supporting ducts 

exhibiting vertical extents of up to 10.5 km. However, direct evidence linking duct widths of ~2.5 km to significant airglow 

modulation is limited, studies such as Bageston et al. (2011), Giongo et al. (2018) and Ramachandran et al. (2023) 355 

demonstrate that bores in ducts just a few kilometers thick particularly thermal ducts, can substantially influence airglow 

intensity, trailing wave structures, and dissipative behavior. Emission responses largely adhered to the complementary effect 

model of Dewan and Picard (1998) in single-duct environments. However, in multi-duct scenarios (notably Event 4), 

classical interpretations broke down. In these cases, complex vertical layering resulted in mixed emission signatures, 

including the rare observation of a bright front propagating into a darkened region highlighting the importance of 360 

considering duct interaction, vertical placement, and emission altitude in future models. These findings align with numerical 

simulations that demonstrate how the presence of dual thermal and Doppler ducts can significantly alter bore morphology, 

phase structure, and energy confinement compared to single-duct scenarios (Laughman et al., 2009), Thermal gradients were 

identified as the dominant mechanism for duct formation, with wind shear acting synergistically in thermal-Doppler ducts. 

This confirms earlier hypotheses on the dual role of temperature and wind fields in establishing mesospheric trapping 365 

conditions. 

Crucially, this is the first systematic mesospheric front study in Brazil’s low-latitude sector employing this 

integrated observational framework. The coordinated use of Na lidar, meteor radar, and all-sky imaging proved essential for 

high-resolution vertical profiling and for resolving transient phenomena like duct transitions, emission perturbations, and 

front dynamics. This methodological template enhances regional and global understanding of MLT coupling processes and 370 

provides a benchmark for future research. 

In summary, this study advances mesospheric front climatology by: 

i. Confirming the critical role of duct width and vertical placement in front formation; 

ii. Highlighting the diagnostic value of emission responses under layered ducting; 

iii. Validating the influence of narrow ducts on airglow modulation; 375 

iv. Demonstrating the necessity of multi-instrument, high-resolution datasets for mesospheric wave studies. 
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