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Abstract. On 3 October 2005 a mesospheric front was ob-

served over São João do Cariri (7.4◦ S, 36.5◦ W). This front

propagated to the northeast and appeared in the airglow im-

ages on the west side of the observatory. By about 1.5 h

later, it dissipated completely when the front crossed the lo-

cal zenith. Ahead of the front, several ripple structures ap-

peared during the dissipative process of the front. Using co-

incident temperature profile from the TIMED/SABER satel-

lite and wind profiles from a meteor radar at São João do

Cariri, the background of the atmosphere was investigated in

detail. On the one hand, it was noted that a strong vertical

wind shear in the propagation direction of the front produced

by a semidiunal thermal tide was mainly responsible for the

formation of duct (Doppler duct), in which the front propa-

gated up to the zenith of the images. On the other hand, the

evolution of the Richardson number as well as the appear-

ance of ripples ahead of the main front suggested that a pres-

ence of instability in the airglow layer that did not allow the

propagation of the front to the other side of the local zenith.

Keywords. Atmospheric composition and structure (air-

glow and aurora) – meteorology and atmospheric dynamics

(middle atmosphere dynamics; waves and tides)

1 Introduction

Mesospheric fronts have recently been studied around the

world (e.g., Isler et al., 1997; Brown et al., 2004; She et al.,

2004; Smith et al., 2005; Medeiros et al., 2005, 2016; Fe-

chine et al., 2005, 2009; Nielsen et al., 2006; Narayanan

et al., 2009, 2012; Yue et al., 2010; Bageston et al., 2011a;

Dalin et al., 2013). This kind of gravity wave can propa-

gate horizontally for long distances since they are generally

trapped in ducts, where the dissipation of energy is neglected

(e.g., Dewan and Picard, 2001). Consequently, they are an

efficient mechanism for transferring energy and momentum

over long distances in the atmosphere. Furthermore, along

the path in the atmosphere, they can interact with other grav-

ity waves and the background atmosphere producing com-

plex dynamical structures, like dynamical and convective in-

stabilities (e.g., Fritts and Rastogi, 1985; Fritts et al., 1994).

According to Dewan and Picard (1998), mesospheric fronts

can also be classified as a mesospheric bores and meso-

spheric walls, depending on the physical structure.

Ducts are the main requirement for the existence and prop-

agation of mesospheric fronts. Ducts can be thermal (e.g.,

Meriwether et al., 1998), Doppler (e.g., Fechine et al., 2009)

and dual ducts (e.g., Bageston et al., 2011a; Carvalho et al.,

2017). Thermal ducts are created by a discontinuity in the

temperature lapse rate. Doppler ducts appear whenever the

wind shear is primarily responsible for its formation. Alter-

natively, when both wind and temperature have significant

contributions, a dual duct is formed.

Airglow imaging is the most important technique that has

been used to observe mesospheric fronts. The first report was

done during the ALOHA campaign (Taylor et al., 1995). In

the airglow images, mesospheric fronts are observed with a

long extension, i.e., over 500 km, and they generally cover

the whole image diameter. Another advantage of airglow

imaging is that there are multiple emissions from the meso-
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Figure 1. Successive images of the OH airglow emission showing the mesospheric front observed on the 3 October 2005 over São João

do Cariri. The arrows indicate the propagation direction of the wave front. The circles indicate the ripple occurrence (dashed lines) and

the vertical dashed line indicates the region where the front disappeared. See the movie in the Supplement for further details about the

propagation of the front and the presence of ripples (https://doi.org/10.5446/35010).

sphere and lower thermosphere (MLT) region, which comes

from a common volume with peaks at different altitudes.

Then, the airglow images can be used to study the pattern

of the front at different altitudes and the observed patters can

be compared to theoretical models (e.g., Dewan and Picard,

1998). Thus, it is possible to infer the altitude of the duct in

the MLT. In the case of an undular bore, airglow images can

also be used to estimate the horizontal parameters (period,

wavelength and propagation direction) of the trailing waves.

Airglow images are useful to observe the interaction of the

mesospheric front with other gravity wave types as well.

Mesospheric inversion layers (MILs) have been identi-

fied as an important factor for the formation of mesospheric

ducts (e.g., Leblanc and Hauchecorne, 1997; Meriwether

et al., 1998; Liu and Meriwether, 2004; Fechine et al., 2008;

Ramesh and Sridharan, 2012). Whenever MILs are created,

one can observe inversions in the vertical temperature pro-

files of the background mesosphere. The typical lapse rate in

the mesosphere is positive and the generation of MILs hap-

pen when the lapse rate becomes negative for a short range

of altitudes.

The biggest challenge in the study of mesospheric fronts

is the knowledge of the background atmospheric conditions

that are creating the ducts. In general, airglow observa-

tions with background conditions are rare (e.g., Sivakandan

et al., 2015). In the present work, dissipation of a meso-

spheric front observed on 3 October 2005 over São João do

Cariri (7.4◦ S, 36.5◦ W) is studied using coincident winds

from a meteor radar and temperature profiles from the

Sounding of the Atmosphere using Broadband Emission Ra-

diometer (SABER) instrument onboard the Thermosphere-

Ionosphere-Mesosphere Dynamics (TIMED) satellite. Using

these collocated measurements, it was possible to investigate

the temporal evolution of the background atmosphere and

evaluate the contribution of the wind and temperature for the

disappearance of the front.

2 Instrumentation and observations

An all-sky airglow imager operated in São João do Cariri

from 2000 to 2010 using five interference filters, which

observed OH NIR, OI 557.7 nm (OI5577), O2 (0, 1),

OI 630.0 nm (OI6300) airglow emissions and a background.

This system used a charge-coupled device (CCD) of

6.45 cm2 of area, a 1024 × 1024 back-illuminated array of

14-bit pixels. Moreover, this CCD imager has a high quantum

efficiency, low dark current (0.5 electrons pixel−1 s−1), low

readout noise (15 electrons rms) and high linearity (0.05 %).

It also uses a fisheye lens (f/4), which enables it to ob-

serve airglow emissions of the whole sky with an exposure

time of typically 15 s for the OH emission and 90 s for the

other emissions. The CCD camera was manufactured by the

Keo Scientific Ltd. and the model of the CCD is CH350,

number A99F2107.

Figure 1 shows a sequence of OH airglow images on 3 Oc-

tober 2005 over São João do Cariri from 21:38 to 23:09 LT

(local time). One can see in these images a front followed by

five bright crests and there are also ripple structures ahead

of the front. The ripple structures are denoted by dashed
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lines inside the black circle plotted on each image in order

to easily identify their position, since it difficult to identify

such structures in still images. Around 23:00 LT the meso-

spheric front dissipates and the position in the image where

the front disappeared is marked with a vertical dashed line.

See the movie in the Supplement for further details about

the propagation of the front and the presence of ripples

(https://doi.org/10.5446/35010).

The mesospheric front was observed for approximately

150 min in the OH airglow images and it was seen very

clearly for more than 30 min (22:14–22:46 LT). This event

was also observed in the OI5577 (not shown here) with the

complementary bright-dark effect (Medeiros et al., 2005).

Along the passage of the front in the images, the trailing

wave was enhanced with several wave crests added behind

the main front. However, around 23:00 LT the wave starts to

fade and after 23:30 LT the whole mesospheric front disap-

peared completely near the zenith. In addition, ripple struc-

tures are present in the images, mainly after about 23:00 LT

in the eastern part. These ripples are denoted by small dashed

lines inside the circles in Fig. 1 (second row of images) and

they could be associated with the dissipation of the main

front. The presence of ripples ahead of the mesospheric front

is indicative of the instability of the atmosphere generated by

the dissipation of larger waves (e.g., Carvalho et al., 2017; Li

et al., 2017).

These observations suggest that there must be different at-

mospheric conditions during the night, which could be spa-

tially marked by the vertical dashed line in Fig. 1, i.e., the

front has conditions to propagate in the MLT before reaching

this point.

Using two-dimensional spectral analysis in a sequence

of images (Garcia et al., 1997; Wrasse et al., 2006), pa-

rameters of the trailing waves behind the front were cal-

culated. The propagation direction was 58◦ from the north

with an observed phase speed of 27 ms−1 (intrinsic velocity

of 36.5 ms−1), observed period of ∼ 12 min and horizontal

wavelength of 27 km. In order to calculate the intrinsic pa-

rameters, horizontal winds from a meteor radar deployed at

São João do Cariri were used.

The meteor radar is composed of five receiver Yagi anten-

nas, one transmitter Yagi antenna, a transmitter and a receiv-

ing module. The system operates at 35.24 MHz and transmits

2144 pulses per second. The meteor radar collects data con-

tinuously by transmitting pulses of electromagnetic waves

and detecting reflected echoes by its receiving system. The

echoes come from the MLT region (80–100 km height) and

bring information about the neutral wind from that region.

In this work, meteor echoes within 4 km thickness were used

to calculate the wind centered at 81, 84, 87, 90, 93, 96 and

99 km heights. Further details about the meteor wind can be

found in Paulino et al. (2015).

Considering the characteristics of the front, i.e., (i) the

presence of an extended front, (ii) the presence of some trail-

ing waves behind the front and (iii) the front propagating

into a duct, and based on the criteria described by Dewan

and Picard (1998), this front can be classified as a meso-

spheric bore. Several works have used these characteristics

to distinguish bores from other mesospheric front types (e.g.,

Medeiros et al., 2001, 2005, 2016; Smith et al., 2003, 2005;

Brown et al., 2004; She et al., 2004; Fechine et al., 2005;

Narayanan et al., 2009, 2012; Yue et al., 2010; Bageston

et al., 2011a, b; Suzuki et al., 2013).

Characterization of the duct was done using vertical pro-

files of wind and temperature and further details on the

duct will be discussed later in Sect. 3. Temperature profiles

were obtained from the SABER instrument, which is on-

board the TIMED spacecraft. This spacecraft is almost sun-

synchronous and precesses to cover 24 h and a 60-day yaw

period. The TIMED satellite has an apogee of about 650 km

and an inclination of 73◦. The SABER instrument retrieves

temperature in the MLT region using non-local thermody-

namic equilibrium (Mertens et al., 2001, 2004). Mertens et al.

(2009) published a detailed study about the SABER tempera-

tures and uncertainties. The volumetric emission rate (VER)

of the OH airglow emission measured by the SABER has

also been used in this work in order to identify the height of

the OH emission layer.

3 Data analysis

In order to investigate the mesospheric environment on the

night of the event, simultaneous measurements of winds, ob-

tained by meteor radar, OH VER and temperature profiles

obtained by the TIMED/SABER satellite (Mertens et al.,

2004, 2009) were used. Figure 2 shows the profiles of (a) ki-

netic and potential temperatures, (b) square of the Brünt–

Väisälä frequency, (c) horizontal wind in the propagation

direction of the wave, (d) square vertical wavenumber and

(e) VER profile of OH at 1.6 µm.

In order to discuss the static stability of the mesosphere on

the night of the event, the potential temperature profile (dot-

ted line) in Fig. 2a was calculated from pressure and tem-

perature data obtained by the TIMED/SABER instrument

at 2.9◦ N, 41.9◦ W and 21:58 LT on 3 October 2005. From

Fig. 2a and b, one can see that, in general, the mesosphere

was stable, presenting only narrow regions of instability at

approximately 70, 93 and 110 km where N2 was near zero,

and near 93 ± 1 km the duct region was especially unsta-

ble (N2 < 0 and decreasing in potential temperature) prob-

ably caused by the bore propagation and dissipation near the

zenith. But, on the other hand, the increasing in the potential

temperature between 75 and 91 km shows the stability of this

portion of the mesosphere and also the region above 95 km

height. The dashed line represents the adiabatic lapse rate,

i.e., ∼ 9.8 Kkm−1.

Also, a mesospheric inversion layer (MIL) was observed

between 75 and 82 km with an amplitude of ∼ 37 K. Above

the peak of the MIL, the temperature started to decrease with

www.ann-geophys.net/36/311/2018/ Ann. Geophys., 36, 311–319, 2018
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Figure 2. (a) Kinetic temperature profile (solid line) obtained by the TIMED/SABER satellite on 3 October 2005 over São João do Cariri and

potential temperature profile (dotted line). The dashed lines represent the adiabatic lapse rates. (b) Square of the Brünt–Väisälä frequency

profile. (c) Wind profile in the same propagation direction as the wave front measured at 21:00 LT by a meteor radar (solid line). The dotted

line represents the observed wave velocity (∼ 27 ms−1). (d) Vertical squared wavenumber (m2; solid line). (e) Normalized volumetric

emission rate (VER) profiles of the OH at 1.6 µm (solid line) measured by the TIMED/SABER satellite. The horizontal solid lines in all

charts show the top and bottom of the duct and a shaded box emphasizes the altitude range from 70 to 100 km.

a rate larger than the adiabatic lapse rate. The thickness of

the MIL was in agreement with previous observations in the

region of São João do Cariri (Fechine et al., 2008), but this

inversion is not sharp enough and probably will have a slight

contribution to the duct formation compared to the wind con-

tribution (see discussion later).

Figure 2c shows the wind profile (solid line) in the propa-

gation direction of the wave front and the observed phase ve-

locity of the mesospheric bore (c ∼= 27.5 ms−1) is denoted

by the vertical dotted line, while the vertical dashed line at

zero is presented for reference to the wind variation (u). The

original wind data have a temporal resolution of 1 hour. The

wind data were smoothed in 3 h and vertically interpolated

for every kilometer. One can see in Fig. 2c that the wind

blows in the opposite direction of the front below 85 km

height. Above this height, the wind blows in the same direc-

tion of the front and between 87 and 90 km the wind velocity

approaches the phase speed of the front, which is compatible

with the presence of a critical level. Above 91 km the wind

turns to change its direction, blowing in the opposite direc-

tion of the wave front, and around 96 km the wind becomes

negligible.

Figure 2d shows the vertical wavelength (dotted line) and

square wavenumber (solid line) profiles calculated for the

trailing waves behind the mesospheric front. The m2 param-

eter was obtained by using the Taylor–Goldstein dispersion

relation for gravity waves:

m2 =
N2

(u − c)2
−

uzz

(u − c)
− k2

h, (1)

where, m is the vertical wavenumber, N2 is the square of the

Brünt–Väisälä frequency, u is the wind in the direction of

wave propagation, c is the phase velocity of the wave and kh

is the horizontal wave number.

The dispersion relation given in Eq. (1) is valid for grav-

ity waves propagating in an environment where the effects of

wind shear and temperature gradients can not be neglected

(e.g., Chimonas and Hines, 1986; Isler et al., 1997). Two

ducts can be observed in Fig. 2d, one between 82 and 85 km

and another from 91 to 95 km height, which were candidates

to support the propagation of the observed bore.

The first duct was mainly created by the wind gradient and

the m2 was close to zero suggesting that the propagation of

the bore was not efficient into this duct. On the other hand,

the upper duct, between 91 and 95 km, occurred when it was

observed at a minimum of the wind and had larger positive

values for m2, which is more efficient for the canalization of

the front.

Figure 2e shows the normalized VER profile of the OH air-

glow emission from TIMED/SABER at 1.6 µm (solid line).

Ann. Geophys., 36, 311–319, 2018 www.ann-geophys.net/36/311/2018/
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Table 1. Physical parameters of the trail front observed within the duct of the mesospheric front on 3 October 2005.

T θ N2 u m2 λz

(K) (K) (10−4 s−2) (m s−1) (10−8 m−2) (km)

Maximum 197.7 9.773 5.6 2.4 0.2 3.1

Intermediate 177.9 9.420 −0.5 −9.5 6.7 2.9

Minimum 154.5 9.114 −4.3 −16.2 −3.0 2.6

Note that the upper duct (centered at 93 km) was quite above

the peak of the OH emission (∼ 86 km) and slightly above of

the peak of the OI5577 emission, which is typically around

96 km, and the duct region (between the horizontal solid

lines) contains ∼ 11% of the OH emission. As the front ap-

peared bright in the OH and dark in the OI5577, the waves

appear faint in the OH airglow images. It should be noted that

a complementarity effect in this case study was observed that

is in agreement with the bore model proposed by Dewan and

Picard (1998) and also described by Medeiros et al. (2005).

The physical parameters for the trail front within the duct

were calculated and are summarized in Table 1.

4 Propagation conditions of the mesospheric front

Earlier works have pointed out different types of ducts that

support the propagation of mesospheric fronts. When the ver-

tical profile of temperature is more important to the forma-

tion of the duct and there is a discontinuity in the temper-

ature lapse rate, it is named a thermal duct (e.g., Bageston

et al., 2011b). Doppler ducts occur wherever the gradient of

the wind is predominant in its formation. Lastly, if both terms

are important, the duct is termed as dual (e.g., Bageston et al.,

2011a; Narayanan et al., 2012). Based on this, it is manda-

tory to investigate the contribution of each term of the dis-

persion relation in order to infer the nature of the duct where

the mesospheric front was propagating.

By analyzing the terms of Eq. (1) in Fig. 2, combined with

the wind variation and intensities in Fig. 3, it is feasible that

the second derivative of the wind dominates the formation

of the duct as compared to the contribution of the tempera-

ture, since the strongest inversion layer (from ∼ 75 to 80 km)

is far below the main duct. So, in this case it can be sug-

gested that the mesospheric front was propagating horizon-

tally in a Doppler duct. Figure 3 shows contours of zonal

and meridional winds measured with a meteor radar from

12:00 LT on 3 October to 12:00 LT on 4 October 2005 over

São João do Cariri. The meridional and zonal wind structure

showed that from 21:00 to 23:30 LT a wind shear was present

in both meridional and zonal components of the wind. This

wind shear was produced primarily due to the strength of

the semidiurnal thermal tide (more evident in the zonal wind

component) in the MLT on the observed night. The semidi-

urnal tide enhanced the mesospheric zonal wind, primarily in

the high level of the MLT region. Further details on the con-

Figure 3. Contours of (a) zonal wind and (b) meridional wind mea-

sured by a meteor radar from 12:00 LT on 3 October to 12:00 LT

on 4 October 2005 over São João do Cariri. The vertical solid lines

indicate the time window of observation of the wave front and the

horizontal solid lines delimit the top and bottom of the duct shown

in Fig 2.

tribution of the semidiurnal thermal tide in the winds over

São João do Cariri can be found in the work of Lima et al.

(2007).

Figure 4a shows the wind in the propagation direction of

the front and it is quite similar to the zonal wind because the

front was propagating almost northeastward. The wind in the

direction of the front was ∼ 10 ms−1 weaker than the zonal

component of the wind. The wind changed propagation di-

rection above 89 km, which corresponds to the strong wind

www.ann-geophys.net/36/311/2018/ Ann. Geophys., 36, 311–319, 2018
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Figure 4. Contourd of (a) wind (b) wind gradient measured in the

direction of wave propagation with the meteor radar from 12:00 LT

3 October to 12:00 LT 4 October 2005 over São João do Cariri. The

vertical solid lines indicate the observation time of the wave front

and the horizontal solid lines delimit the top and bottom of the duct

shown in Fig. 2.

shear shown in Fig. 4b. It is important to note that this strong

wind shear coincides to the time of propagation of the meso-

spheric front and it was caused mainly by the semidiurnal

thermal tide.

The mesospheric front started to dissipate by about

22:45 LT (see images in the lower part of Fig. 1 and movie in

the Supplement) and it disappeared completely at ∼ 23:30 LT

when the front was near the local zenith. It can be considered

that the dissipation of the mesospheric front associated with

the region of instability (91–95 km height), which would

have been caused by the intense wind shear at the heights

of the duct occurrence during the period of propagation of

the bore from the west to zenith. This hypothesis agrees with

SABER measurements that showed an atmospheric instabil-

ity around 93 km, as it can be noticed by the negative val-

ues of the Richardson number and a decrease in the poten-

tial temperature inside of the duct (Fig. 2a and b). These re-

sults also agree with previous works on atmospheric coupling

and instability in the MLT region (Li et al., 2009; Cai et al.,

2014).

An increase in the wind shear around 93 km, as can be seen

in Fig. 3b, simultaneously with a decrease in the static stabil-

ity is characterized as an ideal mechanism for the generation

of dynamic instabilities in the atmosphere, as presented and

discussed by Hecht (2004) and Hecht et al. (2014). The pa-

rameter that define this kind of instability is the Richardson

number (Beer, 1974):

Ri =
N2

(

∂U
∂z

)2
. (2)

In fact, between 92 and 94 km Richardson numbers were

negative, resulting in static instability, and this explains the

fact that the mesospheric front and the trailing waves dis-

appeared quickly at about 23:30 LT. However, the determi-

nation of the Richardson number can be ambiguous due to

the ambiguity of the vertical gradient of the temperature and

wind. Thus, in the present case, we can have a contribution

of convective instability as well.

Another fact that supports the hypothesis of an unstable at-

mosphere between the zenith and the east of the observatory

was the observation of ripples during the propagation of the

bore from the west to the zenith and also after its disappear-

ance. Ripples occurring after the vanishing of a mesospheric

front was also observed in previous works (e.g., She et al.,

2004; F. Li et al., 2005; T. Li et al., 2005; Hecht et al., 2005).

In the present work, the destruction of the trailing waves as-

sociated with a mesospheric front could be indicative of a

transition from an undular to a turbulent bore, as predicted

by the model of Dewan and Picard (1998) and observed by

Liu and Hagan (1998), although evidence of a turbulent bore

could not be observed from the images. She et al. (2004)

showed that in the moment of the transition from an undu-

lar to a turbulent bore, the Richardson number inside of duct

was smaller than 0.25. In other words, the bore was likely

subjected to a process of dynamic instability, but a contri-

bution of convective instability can not be neglected at all.

She et al. (2004) also observed the occurrence of ripples in

the airglow images corroborating the hypothesis of the in-

stability. So, the observations of She et al. (2004) support

our hypothesis that the mesospheric bore observed on 3 Oc-

tober 2005 was destroyed by a process of instability in the

atmosphere that was increasing during the propagation of the

bore during the night at heights of about 90–95 km.

There is also another possibility to explain the vanishing

of the bore, which consist of the duct conditions not holding

after 23:00 LT. From Fig. 4b, one can see that the vertical gra-

dient of the wind started to decrease, even before 23:00 LT.

This can cause the disappearance of the duct conditions and

the annihilation of the duct for the propagation of the bore.

In this case, the bore could propagate either upward or down-

Ann. Geophys., 36, 311–319, 2018 www.ann-geophys.net/36/311/2018/
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ward and leave the airglow layers. Unfortunately, the images

of OI5577 could not support this hypothesis.

5 Summary

On 3 October 2005, the propagation and dissipation of

a mesospheric front was observed in the OH and OI5577

(not shown here) emission layers over São João do Cariri.

The main results of this work are the following:

– The presence of a duct below the peak of the OI5577

emission layer and above the peak of the OH layer mak-

ing the mesospheric front to be dark in the OI5577 im-

ages and bright in the OH images (white front shown

here).

– This complementary bright-dark effect is predicted by

the Dewan and Picard (1998) model due to its location

in the MLT above the peak of the OH emission layer.

– A strong and variable wind profile suggested a Doppler

duct was caused mainly due to the strength of the semid-

iurnal tide, which supported the propagation of the

mesospheric front over São João of Cariri.

– One likely reason for the dissipation of the mesospheric

bore was different conditions of propagation during the

night. The presence of ripples in the eastern part of the

images suggested instability in the atmosphere that can

be generated by the dissipation of the front.

– The increase in the wind shear can be the main mecha-

nism that generates instabilities that could mainly con-

tribute to the destruction of the bore near the zenith of

São João do Cariri at the MLT region (90–95 km).

Data availability. Airglow images for 3 October 2005 over
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