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Abstract. The mesosphere and lower-thermosphere (MLT)
transitional region, encompassing a height range of 60–
100 km, is a distinct and highly turbulent zone within Earth’s
atmosphere. The region is significant owing to dynamics of
atmospheric processes like planetary, tidal, and particularly
gravity waves, which contribute to the formation of the meso-
spheric inversion layer (MIL). Investigating these inversion
phenomena is crucial for understanding the dynamics of the
middle and upper atmosphere, especially regarding stability
and energy transfer. These phenomena are associated with
energy transfer processes vital for understanding the over-
all dynamics of the atmosphere. Despite extensive studies on
inversions, the formation mechanisms of mesospheric inver-
sions remain poorly understood. Here, upper and lower in-
version phenomena and their causative mechanisms are ex-
plored. The study utilizes long-term SABER (Sounding of
the Atmosphere using Broadband Emission Radiometry) ob-
servations during 2005–2020 over the latitudinal, 3–15° N,
and longitudinal, 33–48° E, ranges. The results show that the
upper inversion occurs more frequently, with a frequency be-
low 40 %, compared to the lower inversion, which occurs be-
low 20 %. The upper inversion occurs within the height range
of 78–91 km, with an inversion amplitude of approximately
20–80 K and a thickness of around 3–12 km. In contrast, the
lower inversion is confined to the height range of 70–80 km,
with an inversion amplitude of about 10–60 K and a thick-
ness of around 4–10 km. Moreover, the gravity wave indica-
tor potential energy shows high energy (below 100 Jkg−1)
in the upper-MLT region (85–90 km) compared to the lower-
MLT region (70–75 km), with less than 50 Jkg−1. Consid-
ering gravity waves, the Brunt–Väisälä frequency (N2) sta-
bility criteria indicate instability in the upper-MLT region,
with very low values compared to the lower-MLT region.

This suggests that the high amount of gravity wave poten-
tial energy is a consequence of the higher instability in the
upper inversion compared to the lower inversion.

1 Introduction

The mesosphere and lower-thermosphere (MLT) region
serves as a transitional zone for atmospheric wave processes
from the lower and upper atmosphere, including tidal, plan-
etary, and gravity waves. Gravity waves (GWs) originating
in the lower atmosphere propagate into the upper meso-
sphere, where they break and dissipate, releasing energy and
momentum. This process influences the thermal structure,
global atmospheric circulation, and mesospheric inversion
layers (MILs), which are associated with increased tempera-
ture variability in the mesosphere. MILs indicate wave satu-
ration when the lapse rate falls below the dry adiabatic lapse
rate (Sica et al., 2007). Temperature inversions in the meso-
sphere have been widely observed and studied using various
techniques across different geographic locations, including
lidar, radar, rocket sondes, and satellites. Sivakandan et al.
(2014) utilized TIMED/SABER kinetic temperature data to
examine the occurrence and characteristics of mesospheric
inversions over the equatorial Indian region (0 to 10° N and
70 to 90° E) for the years 2002 and 2008. However, they did
not explore the causative factors. This study aims to investi-
gate the causes of these inversions, focusing specifically on
the role of atmospheric gravity waves.

Gravity waves and MILs are interconnected phenomena
within Earth’s atmosphere, particularly in the MLT. Inver-
sions are layers within the mesosphere where the tempera-
ture profile exhibits an increment. As a result, the tempera-
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ture increases with altitude, contrary to the typical decrease.
These inversion layers often form because of these atmo-
spheric wave dynamic processes, including the breaking and
dissipation of gravity waves. As gravity waves propagate up-
wards, they can grow in amplitude since the atmospheric den-
sity decreases with altitude. When these waves reach a criti-
cal amplitude, they break. This breaking process releases en-
ergy and momentum into the surrounding atmosphere, lead-
ing to localized heating that creates or enhances mesospheric
inversion layers by increasing the temperature with altitude.
The breaking of gravity waves contributes to the momentum,
and energy deposition can also generate turbulence, which
further influences the structure and instability of an inversion
layer.

The deposition of momentum and energy from GWs is
considered a major factor driving large-scale atmospheric
circulation, the coupling between atmospheric layers, and
the occurrence of inversion phenomena (Fritts and Alexan-
der, 2003; Lindzen, 1981; Smith, 2012; Hirota, 1984). Re-
searchers have also investigated the effects of gravity wave
breaking on MLT dynamics to better understand its role in
inversion phenomena, especially in mid- and high-latitude
regions (Gan et al., 2012; Walterscheid and Hickey, 2009;
Collins et al., 2011; Szewczyk et al., 2013). Observational
and modeling studies have examined GWs as a factor con-
tributing to these inversions (Fritts, 2018a, b; Collins et al.,
2014; Sridharan et al., 2008; Ramesh and Sridharan, 2012;
Ramesh et al., 2013, 2014, 2017). Despite extensive research,
our understanding of how gravity waves influence meso-
sphere inversions – particularly regarding temperature vari-
ability – remains incomplete, even in mid- and high-latitude
regions (Singh and Pallamraju, 2018; Fritts et al., 2018a, b).
Consequently, studying inversion phenomena and their un-
derlying causes continues to be a crucial area of investiga-
tion, especially for MLT dynamics at low latitudes.

Research on the temporal and spatial variability of the
mesosphere inversion phenomenon, regarding atmospheric
waves and particularly gravity wave activity, is notably lack-
ing at low latitudes. To address this gap, our study investi-
gates the mesosphere inversion phenomenon and its associa-
tion with gravity wave activity and instability criteria. We use
the Brunt–Väisälä frequency (N2) over the low-latitude band
(3–15° N) with long-term SABER observations from 2005 to
2020. The study is organized as follows: Sect. 2 details the
data and methodology used to analyze the mesosphere in-
version phenomena and their causative gravity waves via the
potential energy. Section 3 presents the results, and Sect. 4
concludes with the findings.

2 Observation and data analysis

2.1 SABER observations

The TIMED/SABER satellite, launched on 7 December
2001, operates in an elliptical orbit at approximately 625 km
altitude with a 74° inclination relative to the Equator. Since
its launch, SABER has been a crucial tool for atmospheric re-
search, providing extensive data on the middle and upper at-
mosphere. SABER is a limb-viewing radiometer working in
the infrared region (1.27–17 µm) and can measure radiative
emissions across a wide range of altitudes. It offers nearly
global coverage and continuous 24 h data over 60 d. The in-
strument completes 15 orbits daily, each taking about 97 min,
and collects around 1400 data files per day, with each pro-
file taking 58 s. SABER’s high-resolution temperature pro-
files are essential for studying the dynamics and wave pro-
cesses in the MLT. It provides temperature measurements
with an accuracy of 1 to 2 K between 15 and 60 km. The ac-
curacy decreases to 5 K below 85 km and increases to 6.7 to
10 K near 100 km. These data have been crucial in enhancing
our understanding of the thermal structure and dynamic pro-
cesses in the mesospheric region, as emphasized by several
studies (Garcia-Comas et al., 2008; Schmidlin, 1976; Rems-
berg et al., 2003; Gan et al., 2012, 2014; Russell et al., 1999;
Bizuneh et al., 2022; Lingerew et al., 2023; Rezac et al.,
2015; Meriwether and Gerrard, 2004; Fechine et al., 2008;
Dou et al., 2009; France et al., 2015).

Due to this, we used the SABER vertical temperature pro-
files collected within the 60–100 km altitude range. These
profiles encompass the period from 2005 to 2020, covering
latitudes from 3 to 15° N and longitudes from 33 to 48° E.
Figure 1 illustrates the monthly mean SABER temperature
data for the mesosphere and lower thermosphere. The data
aim to illustrate the MLT temperature variability, which helps
us identify the MILs. The monthly mean temperatures in the
MLT region show a maximum of 200–240 K at altitudes of
60–70 km. Then, it decreases to around 160–180 K at 95–
100 km throughout the entire period. While the temperature
patterns in the 70–90 km altitude range suggest an inversion,
these inversions are not visible.

2.2 Analysis technique

Earth’s middle atmosphere typically has a negative tempera-
ture gradient, but some reports have shown positive temper-
ature gradients in the mesosphere (Meriwether and Gardner,
2000; Gan et al., 2012). This phenomenon, the MIL, is identi-
fied using the method described by Leblanc and Hauchecorne
(1997) and Fechine et al. (2008). Mesospheric inversions are
defined by their thickness (the altitude difference between
the maximum warming and cooling) and their amplitude (the
temperature difference between these points) (Bègue et al.,
2017; Meriwether and Gardner, 2000). The following are the
criteria for identifying these inversions:

Ann. Geophys., 43, 1–14, 2025 https://doi.org/10.5194/angeo-43-1-2025



C. Lingerew and U. J. P. Raju: Investigating the role of gravity waves 3

Figure 1. The monthly mean of MLT temperature variability in the height range of 60–100 km during 2005–2020 at low latitudes.

1. The bottom level of the lower inversion is above 70 km,
and the top level is below 80 km. For the upper inver-
sion, the bottom level is above 80 km and the top level
is below 92 km.

2. The amplitude is considered larger than 5 K.

3. The thickness is greater than or equal to 3 km.

Figure 2 illustrates this concept, highlighting the positive
temperature difference between the top and bottom levels of
the inversion. This method has been widely applied in nu-
merous studies investigating mesospheric inversions (Irving
et al., 2014; Leblanc et al., 1998; Meriwether and Gardner,
2000; Duck et al., 2001; Duck and Greene, 2004; Cutler et
al., 2001; Sivakumar et al., 2001; Gan et al., 2012). In ad-
dition, the frequency of MIL occurrences is determined for
the period 2005–2020 in both the upper- and lower-MLT re-
gions. This frequency is calculated by dividing the number of
inversion days in each month by the total number of days in
that month over the 16-year observation period (2005–2020).

Mesospheric temperature inversions are linked to MLT in-
stabilities driven by the dynamics of atmospheric wave pro-
cesses. To identify the causative, short-period atmospheric
gravity waves, a high-pass filter with a 1 h interval cutoff fre-
quency is applied using the Brunt–Väisälä frequency (N2).
Another important concept for estimating the Brunt–Väisälä
frequency is the potential temperature (θ ). This represents the
air parcel’s temperature when it is displaced adiabatically to
a standard pressure level, p0, from the current pressure level,
p. This is based on the first law of thermodynamics:

dT
T
=
R

cp

dp
p
H⇒

∫ 0

T

dT
T
=

∫ p0

p

R

cp

dp
p
. (1)

This yields

θ = T

(
p0

p

)R/cp
. (2)

Figure 2. Schematic of the upper- and lower-mesospheric inver-
sion layers shown in the temperature profile for the MLT regions
(adapted from Meriwether and Gerrard, 2004).

The vertical motion of an atmospheric air parcel can thus be
described by Liu and Liu (2011) and Vadas and Fritts (2005),
as shown in Eq. (2). This equation calculates the Brunt–
Väisälä frequency of the parcel, accounting for the buoyant
and gravitational forces acting upon it.

d2s

dt2
=−g

ρ− ρ0

ρ
sina (3)

Based on the hydrostatic equation ρ = ρ0,

p = p0 H⇒
∂p

∂z
=
∂p0

∂z
=−gρ0, (4)

and the ideal gas law, ρ = p/RT = p0/RT gives the parcel
motion of an equation:

d2s

dt2
=−

g

ρ

(
dρ
dp
∂p0

∂z
−
∂ρ0

∂z

)
z. (5)
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Following the same approach using the hydrostatic Eq. (4)
and the adiabatic Eq. (6),

d lnρ =
dlnp
γ

, γ = cp/cv (6)

yields
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dt2
=−
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ρ
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1
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(7)

For the ideal gas law of p = ρRT , the natural logarithm is
taken for altitude z on both sides, yielding

∂ lnρ
∂z
=
∂ lnp
∂z
−
∂ lnT
∂z

. (8)

Then, the potential temperature (θ ) of the parcel is calculated
as follows based on Eq. (2):
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1
T

(
∂T

∂z
+
g

cp

)
=

(
1−

R

cp

)
∂ lnp
∂z
−
∂ lnρ
∂z

.

(9)

This derives the parcel acceleration based on Eq. (7) to be-
come

d2s

dt2
=−g

∂ lnθ0

∂z
z sina =−g

∂ lnθ0

∂z
dssin2a (10)

by introducing the frequency, N , with N2
= g

∂ lnθ0
∂z

.
The Brunt–Väisälä frequency N2 is calculated based on

the following mathematical formulation used to characterize
atmospheric stability or instability:

N2(z)=
g(z)

T0(z)

(
∂T0(z)

∂z
+0d

)
, (11)

where g is the acceleration due to gravity, N is the Väisälä
frequency, T0 is the background temperature (estimated
based on third-order polynomial fitting), 0d = g/cp is the
adiabatic lapse rate, and cp = 1004 JK−1 kg−1 is the specific
heat capacity of the atmosphere at constant pressure. When
the Brunt–Väisälä frequency, N2, is positive, the atmosphere
is stable, whereas when it is negative the atmosphere is unsta-
ble. When N2 is positive, the atmosphere is stable, whereas
a negative N2 indicates atmospheric instability. In this re-
gard, the atmospheric lapse rate, 0 =− ∂T

∂z
, is higher than the

adiabatic lapse rate, g/cp ≈ 9.5 Kkm−1. A third-order least-
squares polynomial fit was applied to the SABER-observed
temperature (T ) profile to determine the background temper-
ature (T0), following the method outlined by Leblanc and

Hauchecorne (1997). Subsequently, the perturbed tempera-
ture (Tp) is computed by subtracting the background temper-
ature from the T data:

T ′p = T − T0. (12)

After estimating Tp, a high-pass band filter is applied. This
filter removes low-frequency components associated with
planetary and tidal waves, retaining the high-frequency com-
ponents related to short-period gravity waves (John and Ku-
mar, 2012). This process isolates the influence of gravity
waves, enabling accurate calculation of their potential en-
ergy. The high-pass filter operates within known frequency
ranges, typically below a 1 h period.

Ep(z)=
1
2

(
g(z)

N(z)

)2
(
T ′p(z)

T0(z)

)2

(13)

The potential energy of the waves, a function of z, is used to
determine the impact of atmospheric gravity waves on atmo-
spheric inversions.

3 Results and discussion

3.1 Identification and characteristics of the lower- and
upper-MLT inversions

The SABER temperature profiles, covering altitudes of 60–
100 km during 2005–2020, are shown in the contour plots of
Fig. 3. Figure 3a and b show the upper-MLT region (meso-
spheric and lower thermospheric), while Fig. 3c and d show
the lower-MLT region. Figure 3a and c show observed tem-
peratures ranging from approximately 180 to 220 K before
the inversion layers are accounted for, where Fig. 3b and d
show inversion day temperatures ranging from 180 to 225 K.

Figure 3a shows that the observed temperature in the upper
mesosphere ranges from approximately 180 to 205 K at alti-
tudes of around 80–90 km. Figure 3c shows the lower meso-
sphere, with temperatures ranging from about 180 to 220 K
at altitudes of approximately 70–80 km. In contrast, Fig. 3b
shows an upper-mesosphere inversion day temperature range
from 180 to 220 K at an altitude of approximately 80–90 km.
Figure 3d shows a lower-mesosphere inversion day temper-
ature, with the temperature ranging from 180 to 225 K at
an altitude of approximately 70–80 km. These inversion day
temperatures are higher than those shown in Fig. 3a and c.
This indicates that maximum temperatures occur on inver-
sion days in both the upper- and lower-MLT regions relative
to the observed temperature. These inversion day tempera-
tures in Fig. 3b and d suggest a temperature gradient shifting
from negative to positive. This could be due to factors such
as atmospheric waves (planetary, tidal, and particularly grav-
ity waves), chemical reactions, or solar radiation. Our tem-
perature observations for the lower-MLT region on an inver-
sion day, within the altitudinal range of 70–80 km, align with
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Figure 3. The upper- and lower-mesosphere observed temperatures in panels (a) and (c), with their inversions in panels (b) and (d).

those reported by Sivakumar et al. (2001), who identified in-
version day temperature variability in the altitudinal range of
73–79 km. Additionally, Sivakandan et al. (2014) examined
mesospheric inversions in the 60–105 km altitude range over
low-latitude regions; their findings closely match our results.

Figure 4 shows the frequency occurrence rates of MILs
in histograms. It shows the occurrence rate for the upper
MILs, while Fig. 4b shows the rates of the lower MILs. The
mean frequency occurrence rate of the upper inversions is
below approximately 40 %. The peak rates range from 60 %
to 78 %, notably in the years 2008, 2010, and mid-2016. In
contrast, the mean occurrence rate for the lower inversions of
Fig. 4b is below approximately 20 %. The overall occurrence
rate for the upper inversions is relatively higher compared to
the lower inversions; this may be related to atmospheric wave
activities, mainly gravity waves. Hauchecorne et al. (1987)
and France et al. (2015) discuss the effects of gravity waves
on inversion variability in the upper and lower mesosphere.
Regarding these findings, Fig. 5 examines the characteristics
of the inversion day temperature variability, based on their
amplitude and thickness. It focuses on base height, ampli-
tude, and thickness before examining the effects of gravity
waves on an inversion. The histograms display the frequency
distribution of amplitude, thickness, and base height for MLT
temperature variability on inversion days, with the best-fit
Gaussian distribution curves shown in red. The observed
distributions align with Gaussian curves, indicating that the
number of MILs follows a normal distribution. This suggests
that the attributes are real-value random variables. The left
column has three rows showing histograms of the (a) ampli-

tude, (b) thickness, and (c) base height of the inversion day
temperature variability for the upper MLT. These histograms
also include the statistical metrics mean and standard devia-
tion (SD) with their values. The corresponding right column
has three rows representing the (d) amplitude, (e) thickness,
and (f) base height of the inversion day temperature variabil-
ity for the lower-MLT region.

The amplitude of the upper inversion day temperature vari-
ability in Fig. 5a ranges from 20 to 80 K, with a peak value
of 38 K. This follows a Gaussian distribution with a large SD
of 18.6, which indicates high inversions. The thickness of
the inversion layer for upper MILs, shown in Fig. 5b, ranges
from 3 to 9 K, and their most probable value is 5.5 K, with a
low SD of 2.3. The base height of the upper MIL in Fig. 5c
ranges from ∼ 80 to 90 km, with a peak value of around
83 km. This indicates a large number of upper-MLT inver-
sions, with an SD of 2.13. The highest number of upper in-
versions between 2005 and 2020 is observed at 82 km. This
may be attributed to gravity wave breaking and energy dissi-
pation, influenced by waves generated by lower-atmospheric
regions and solar flux impacts.

The lower inversion amplitude, shown in Fig. 5d, ranges
from 10 to 60 K, with a peak value of 25 K and an SD of
14.5. The inversion thickness, as illustrated in Fig. 5e, ranges
from 3 to 8 km, with the most likely value at 3.8 km and with
a low SD of 1.72. The base height of the lower inversion in
Fig. 5f ranges from 70 to 80 km, with a peak value of around
74 km and a lower SD of 1.93. Previous investigations by
Sivakandan et al. (2014) from the Indian sector reported am-
plitudes ranging from 14 to 39 K in 2002 and from 15 to 42 K
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Figure 4. The frequency occurrence rate (percentage) of the (a) upper and (b) lower inversion temperatures during 2005–2020 over low
latitudes.

Figure 5. The histograms depict the occurrence of MLT inversion day temperature variability. The first column shows the distribution of
(a) amplitude, (b) thickness, and (c) base height for the upper inversion day. The second column presents the corresponding distribution for
the lower inversion day, including (d) amplitude, (e) thickness, and (f) base height.

in 2008. The thicknesses ranged from 2.7 to 7.5 km in 2002
and from 2.8 to 7.3 km in 2008 under the influence of solar
flux. These findings align well with the present study, indicat-
ing no significant variation in characterizing mesospheric in-
version based on amplitude and thickness in the low-latitude
region within the altitude range of 60–90 km.

3.2 Latitudinal variations of MILs

This section examines the spatiotemporal variability of
upper- and lower-mesosphere inversion phenomena. The
contour plots of time vs. latitude in Figs. 6 and 7 show the
variability of the upper- and lower-MLT inversion amplitude,
thickness, and base height over the low-latitude band (3–
15° N) during 2005–2020. The upper inversion is observed
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around 80–90 km; the maximum amplitude, in the range of
90–120 K, occurs over the latitude band (5–12° N) in 2005,
2007, mid-2011, 2013, 2015, 2016, mid-2019, and 2020
(Fig. 6a). Figure 6b shows the thickness, with a maximum
range of ∼ (8–12 km) across the entire latitudinal region (3–
15° N). Figure 6c shows the base height, with relative maxi-
mum values of around ∼ (84–88 km) in the latitudinal range
between 4 and 14° N in 2006, 2008, 2010, 2012, 2016, and
2018.

The contour plots of Fig. 7a–c show the lower-MIL ampli-
tude, thickness, and base height over an altitudinal range of
∼ 70–80 km. Overall, the amplitude values ranged from ap-
proximately 30 to 60 K across all the latitudinal bands, reach-
ing a peak range of about 80–100 K in 2013, 2015, 2016,
and 2019 in various latitudinal regions between 5 and 14° N.
Figure 7b indicates thickness values ranging from 5 to 7 km
across the entire latitude band, with the maximum thick-
nesses reaching 8–10 km in 2012–2013, 2016, and 2019. Fig-
ure 7c shows a base height of 76–80 km across most of the
latitudes and periods, with notable exceptions in 2008, 2014,
and mid-2018, when the base height reached its maximum.

The higher amplitude and greater thickness are demon-
strated in the upper and lower inversions to exhibit a sug-
gested highly dynamic phenomenon. These valuable investi-
gations are confirmed in Gan et al. (2012) based on SABER
satellite observations at low latitudes.

3.3 Analysis of perturbed temperature variations in
the MLT region

The Tp of the upper- and lower-MLT inversions in Figs. 8
and 9 can be used further to calculate their derived potential
energy of gravity waves and N2. First, the upper inversion
profiles are identified in the MLT region during the entire
observational period of 2005–2020, as shown in the contour
plot of Fig. 8a. Based on the observed temperature, which
ranges from ∼ 170 to 220 K with minimal variability, the
background temperature is estimated. A third-order polyno-
mial fit is applied to calculate T0, as shown in the contour
plot of Fig. 8b. This maximum background temperature ex-
hibits a periodic variability over an altitude of around ∼ 82–
87 km, ranging from∼ 195 to 197 K. The perturbed tempera-
ture profiles (Tp), determined by subtracting the background
temperature profiles (T0) from the observed inversion tem-
perature (T ), are in the range from −25 to +25 K, as shown
in Fig. 8c.

The lower-MLT region’s Tp is calculated using the same
approach as that of the upper-MLT perturbed temperature,
using the observed and background temperatures. Their cor-
responding contours are displayed in Fig. 9a–c.

In Fig. 9a, the observed temperature of the lower inversion
ranges from ∼ 170 to 220 K, whereas the background tem-
perature of the lower inversion ranges from ∼ 195 to 210 K,
with maximum values of ∼ 200–210 K at heights of ∼ 70–
72 km, as shown in Fig. 9b. The derived lower-MLT per-

turbed temperature from the observed and background tem-
peratures is presented in Fig. 9c and ranges from −25 to
20 K. Notably, the upper-MLT perturbed temperature is at its
maximum compared to the lower-MLT region, possibly due
to a highly dynamic phenomenon.

3.4 Effects of gravity waves on mesosphere inversions
and the associated instability

Atmospheric gravity waves form when air parcels oscillate
due to the restoring force of gravity after being transported
vertically. Several factors contribute to these waves, includ-
ing airflow over mountains, convection, and wind shear. As
the waves propagate vertically, they break and dissipate, re-
leasing energy and momentum into the surrounding atmo-
sphere, which contributes to the formation of inversion lay-
ers. The gravity wave contribution is quantified by calculat-
ing the potential energy and assessing its impact on MLT in-
stability through the N2 derived from T ′p data ranging from
2005 to 2020. Several authors (Tsuda et al., 2000; Wang and
Geller, 2003; Liu et al., 2014; Thurairajah et al., 2014; Wang
and Alexander, 2010) suggest that gravity wave activity is
represented by potential energy. Further investigation is re-
quired, focusing on altitudes of 90, 85, 75, and 70 km, to
evaluate the impacts of gravity waves on an inversion by ap-
plying a high-pass filter with a 1 h interval to the T ′p data (see
Fig. 10a–d). The high-pass filter attenuates low-frequency
components, removing the effects of long-period wave oscil-
lations, such as tidal and planetary wave contributions. This
effectively isolates the GWs, allowing a clearer focus on their
impact on MLT inversions, as shown in Fig. 10.

The blue curve in Fig. 10a–d appears smoother after ap-
plying the high-pass filter to the perturbed temperature. How-
ever, the filter removes the peaks of low-frequency variations,
resulting in retained perturbed temperature values that ap-
pear more uniform, creating a smooth plateau effect. In the
upper mesosphere (90 and 85 km), the filter reduces the am-
plitude of the wave oscillations from approximately ±20 to
±10 K, as shown by the blue curves in Fig. 10a and b com-
pared to the red curves. Similarly, in the lower mesosphere
(75 and 70 km) (Fig. 10c and d), the amplitude decreases
from ∼ (−20 to 20 K) to ∼ (−8 to 8 K) when filtering out
higher amplitudes.

In the MLT atmospheric region, gravity wave breaking
typically dissipates the potential and kinetic energy, lead-
ing to increased turbulence and mixing. As illustrated, grav-
ity wave propagation and dissipation are major forces in the
MLT (Lindzen, 1981; Holton, 1983), influencing the middle-
and upper-atmospheric regions. This has a substantial impact
on the overall dynamics as well as the MLT’s thermal struc-
ture, particularly the increase in temperature variability with
elevation known as inversion. Holton et al. (2003) and Holton
and Hakim (2013) demonstrate an interaction between the
potential energy of gravity waves and inversions. These no-
table upper and lower inversions are observed in Fig. 4 dur-

https://doi.org/10.5194/angeo-43-1-2025 Ann. Geophys., 43, 1–14, 2025



8 C. Lingerew and U. J. P. Raju: Investigating the role of gravity waves

Figure 6. The daily upper inversions (∼ 80–90 km) of (a) amplitude, (b) thickness, and (c) base height during 2005–2020 over the latitudinal
variation.

Figure 7. Same as Fig. 5 but for the lower-mesosphere inversions (∼ 70–80 km).

ing the period 2005–2020 over the low-latitude regions. Dur-
ing this period, particularly for the upper-MLT region above
80 km altitude, high-resolution SABER satellite temperature
data revealed the presence of a strong MIL, with peak occur-
rence rates ranging from 60 % to 78 %, especially in 2010,
2014, 2016/17, and 2018/19 (Fig. 4a). Correspondingly, at
the same time and in the same region (upper MLT), at alti-
tudes of 85 and 90 km, there is a noticeable increase in the

gravity wave potential energy (Ep), as shown in Fig. 11. The
maximum potential energy for the upper-MLT region corre-
sponds to the breaking or dissipation of gravity waves as they
propagate upward. This spike in potential energy coincides
with the occurrence of the inversion layer, suggesting that
the breaking or dissipation of gravity waves releases energy
into the atmosphere, contributing to localization of heating
in the mesosphere and leading to the formation of the inver-
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Figure 8. The upper-mesosphere temperatures in the temperature bars are the (a) inversion day observed temperature, (b) background
temperature, and (c) perturbed temperature.

Figure 9. Same as Fig. 7 but for the lower-mesosphere atmospheric region.

sion. The sudden transfer of momentum and energy from the
breaking GWs to the surrounding atmosphere disrupts the
thermal structure, causing the temperature inversion. In this
case, the temporal and spatial coincidence between the peak
of the gravity wave potential energy and the formation of the
inversion demonstrates a clear physical connection. The en-

ergy released from breaking GWs plays a direct role in the
creation of the inversion layer, as shown in Figs. 4 and 11.
Similarly, the statistical distributions of upper-MLT inver-
sions in Fig. 5a show maximum amplitudes, which corre-
spond to the maximum potential energy of the gravity waves
in Fig. 11a and b. This provides a straightforward demonstra-
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Figure 10. Perturbed temperature profiles before (red) and after (blue) applying the high-pass filter for the upper (90 and 85 km; a, b) and
lower (75 and 70 km; c, d) regions.

Figure 11. Gravity wave potential energy for the upper-MLT (90 and 85 km; a, b) and lower-MLT (75 and 70 km; c, d) regions.

tion of how gravity wave dynamics – specifically, the dissi-
pation of their potential energy – are linked to the formation
of MILs.

Figure 11a–d demonstrate the spatiotemporal variability of
gravity wave potential energy, shown over the upper MLT at
90 and 85 km and the lower MLT at 75 and 70 km. Figure 11a

of the upper-MLT inversions at 90 km shows maximum grav-
ity wave potential energies, ranging from ∼ 70 to 90 Jkg−1,
over the longitudinal regions of 45–47° E, 43° E, and 44° E
in 2011, 2017, and 2019. In contrast, potential energies, be-
ing the least in amount around ∼ 10 to 60 Jkg−1, are present
across the entire longitudinal region from 33 to 48° E. Fig-

Ann. Geophys., 43, 1–14, 2025 https://doi.org/10.5194/angeo-43-1-2025
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Figure 12. Brunt–Väisälä frequency (N2) variability for the upper (90 and 85 km; a, b) and lower (75 and 70 km; c, d) regions.

ure 11b of the upper-MLT region shows maximum potential
energies of ∼ 70 to 100 Jkg−1 over the longitudinal regions
of 34, 44, and 46° E in 2014, 2016, and 2018 at 85 km. Its
minimum potential energies between 20 and 70 Jkg−1 ap-
pear over the longitudinal regions from 33 to 48° E, whereas
Fig. 11c and d depict the gravity wave potential energy in the
lower-MLT region at 75 and 70 km, respectively. At 75 km,
Fig. 11c shows a relative maximum potential energy of 40–
50 Jkg−1 over the longitudinal regions of 46, 42, 40, 37,
36, and 38° E in 2011, 2012, 2017, 2013–2015, 2018, and
2020. Similarly, Fig. 11d illustrates gravity wave potential
energy ranging from 2 to 30 Jkg−1 at 70 km across the longi-
tudinal region of 33–48° E. Its maximum potential energy of
25–30 Jkg−1 is observed in certain longitudinal regions over
time.

The role of gravity waves in the MLT region’s instabil-
ity, the Brunt–Väisälä frequency, is analyzed. The contour
plots in Fig. 12a–d show the spatiotemporal variability of the
Brunt–Väisälä frequency, with Fig. 12a and b representing
the upper MLT (90 and 85 km) and Fig. 12c and d repre-
senting the lower MLT (75 and 70 km). The N2 shows that
the upper-MLT region is more unstable (∼ 0.027 at 90 km
and ∼ 0.029 at 85 km) relative to that of the lower-MLT re-
gion (∼ 0.033 at 75 km and ∼ 0.035 at 70 km). These differ-
ent values of the Brunt–Väisälä frequency are a consequence
of gravity wave generation in different sizes, with smaller
waves being the main derivers of instability and turbulence
in the MLT region (Liu and Meriwether, 2004; Szewczyk et
al., 2013; Yuan et al., 2014). Hauchecorne et al. (1987) pro-
pose a model where a series of breaking gravity waves leads

to the formation of MILs through the gradual accumulation
of heat, which contributes to the instability. Using the MIL
phenomenon is crucial for understanding MLT atmospheric
dynamics, especially when it comes to stability and energy
transfer.

4 Summary

In this article, 16 years of SABER MLT temperature pro-
files are utilized to investigate the MIL phenomenon and its
causative mechanism through gravity wave potential energy
and instability criteria of the Brunt–Väisälä frequency (N2)
at low latitudes. The following conclusions are drawn from
the observations in this article:

– The upper-mesosphere inversion frequency occurs more
often than the lower-mesosphere inversion frequency.

– Analysis of the MIL characteristic features reveals the
most probable values for the upper inversion: an ampli-
tude of 38 K, a thickness of 5.5 km, and a base height of
78 km. The lower inversion has an amplitude of 25 K, a
thickness of 3.8 km, and a base height of 73 km.

– The upper-mesosphere region has higher gravity wave
potential energy compared to the lower-mesosphere re-
gion.

– The high potential energy in the upper-mesosphere re-
gion is likely due to the deposition of energy and mo-

https://doi.org/10.5194/angeo-43-1-2025 Ann. Geophys., 43, 1–14, 2025
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mentum by gravity wave breaking. This could influence
the dynamics of the inversion phenomenon.

– The N2 indicates that the upper-mesosphere region
is less stable than the lower-mesosphere region. This
lower stability contributes to the high potential energy
in the upper mesosphere, which leads to larger inversion
phenomena.

– Atmospheric processes vary significantly from region to
region, with altitude, and over time.
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