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Abstract. In this investigation a statistical analysis of the
characteristics of mesospheric inversion layers (MILs) over
tropical regions is presented. This study involves the anal-
ysis of 16 years of lidar observations recorded at Réunion
(20.8◦ S, 55.5◦ E) and 21 years of lidar observations recorded
at Mauna Loa (19.5◦ N, 155.6◦W) together with SABER
observations at these two locations. MILs appear in 10
and 9.3 % of the observed temperature profiles recorded by
Rayleigh lidar at Réunion and Mauna Loa, respectively. The
parameters defining MILs show a semi-annual cycle over the
two selected sites with maxima occurring near the equinoxes
and minima occurring during the solstices. Over both sites,
the maximum mean amplitude is observed in April and Oc-
tober, and this corresponds to a value greater than 35 K. Ac-
cording to lidar observations, the maximum and minimum
mean of the base height ranged from 79 to 80.5 km and from
76 to 77.5 km, respectively. The MILs at Réunion appear on
average ∼ 1 km thinner and ∼ 1 km lower, with an ampli-
tude of ∼ 2 K higher than Mauna Loa. Generally, the sta-
tistical results for these two tropical locations as presented
in this investigation are in fairly good agreement with previ-
ous studies. When compared to lidar measurements, on aver-
age SABER observations show MILs with greater amplitude,
thickness and base altitudes of 4 K, 0.75 and 1.1 km, respec-
tively. Taking into account the temperature error by SABER
in the mesosphere, it can therefore be concluded that the
measurements obtained from lidar and SABER observations

are in significant agreement. The frequency spectrum analy-
sis based on the lidar profiles and the 60-day averaged profile
from SABER confirms the presence of the semi-annual os-
cillation where the magnitude maximum is found to coincide
with the height range of the temperature inversion zone. This
connection between increases in the semi-annual component
close to the inversion zone is in agreement with most previ-
ously reported studies over tropics based on satellite observa-
tions. Results presented in this study confirm through the use
of the ground-based Rayleigh lidar at Réunion and Mauna
Loa that the semi-annual oscillation contributes to the for-
mation of MILs over the tropical region.

Keywords. Meteorology and atmospheric dynamics (mid-
dle atmosphere dynamics)

1 Introduction

The thermal structure of the middle atmosphere cannot only
be explained by radiative balance (Shepherd, 2000, 2007;
Hauchecorne et al., 2010). The thermal properties of the
mesosphere are determined by the dynamics of the atmo-
sphere which results in the transport of air masses and mo-
mentum from the troposphere up to the mesosphere. As a
consequence, this transport may lead to the formation of
mesospheric temperature inversion layers (MILs). The term
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inversion layer was given to this phenomenon because its ap-
pearance was similar to that of the inversion layer seen in tro-
pospheric temperature profiles near the ground (Meriwether
and Gerrard, 2004). MILs therefore refer to the temperature
gradient inversion located in the mesosphere which was re-
ported for the first time by Schmidlin (1976). Through the
inter-comparison of data obtained by five different temper-
ature measurement techniques in which the same MIL fea-
ture was found, Schmidlin (1976) demonstrated that MILs
are not a phenomenon resulting from instrument error. It is
now well recognized that MILs are a real geophysical phe-
nomenon and the study of MILs is important for a com-
prehensive understanding of the structure and dynamics of
the middle and upper atmosphere (Meriwether and Gardner,
2000; Meriwether and Gerrard, 2004). Meriwether and Ger-
rard (2004) reported that the understanding of the MILs is
useful for the analysis of the stability and energy transfer in
the middle and upper atmosphere. The positive temperature
gradient observed at the base of the MILs (where the temper-
ature begins to increase with increasing altitude) implies an
increase in the atmosphere stability and reduction of vertical
mixing. On the other hand, the negative temperature gradient
located at the topside of the MILs (where the temperature be-
gins to decrease with increasing altitude) implies a reduction
in the atmospheric stability, which could induce convective
instability (Meriwether and Gerrard, 2004). Moreover, MILs
are mainly linked to the propagation of gravity waves which
have a crucial impact on the dynamic and thermal structure in
the middle and upper atmosphere (Dewan and Picard, 2001).
Indeed, it is well known that wave breaking represents the
primary means by which energy is transferred in the upper
atmosphere. MILs may be divided into two subtypes, namely
lower and upper MILs, which occur at approximately 75 and
95 km, respectively (Meriwether and Gardner, 2000; Meri-
wether and Gerrard, 2004). The upper MILs are formed when
a strong tidal wave non-linearly interacts with gravity waves
propagating from below. Liu et al. (2000) showed that break-
ing gravity waves can warm the air sufficiently for the forma-
tion of MILs if the static stability of the mesosphere had been
decreased by a tidal wave. Models and observations have re-
vealed that the upper MILs have an amplitude maximum dur-
ing the winter at mid-latitudes (Dao et al., 1995; Liu et al.,
2000; Meriwether et al., 1998). The occurrence of the lower
MILs is a characteristic and persistent feature of the winter
mesosphere and lower thermosphere (MLT) (Hauchecorne
et al., 1987; Meriwether and Gardner, 2000). Hauchecorne
et al. (1987) reported that MILs are larger in winter than in
summer, while their mean heights are lower in winter than
in summer at mid-latitudes. Moreover, the lower MILs could
occur with amplitudes greater than 30 K and are observed
more than 20 % of the time, whereas the amplitude of the up-
per MILs range from 10 to 30 K (Meriwether and Gardner,
2000). It is worth noting that it is not yet understood whether
the lower and upper MILs occur through the same mecha-
nisms. This investigation focuses exclusively on lower MILs

and throughout this article the term MIL will be used to refer
to lower MILs.

The characteristics of MILs have been investigated using
various instruments including ground-based Rayleigh lidar
(Hauchecorne et al., 1987; Meriwether et al., 1998; White-
way et al., 1995; Siva Kumar et al., 2001; Ratnam et al.,
2003), sodium temperature lidar (She et al., 1993; States
and Gardner, 2000) and satellites (Clancy and Rusch, 1989;
Clancy et al., 1994; Leblanc and Hauchecorne, 1997; Fad-
navis and Beig, 2004; Fechine et al., 2008; Gan et al.,
2012; Szewczyk et al., 2013). Satellite measurements have
greatly contributed to the knowledge of latitudinal variations
in MILs. Different satellite instruments show good agree-
ment between one another and reveal that MILs exhibit an
apparent latitudinal dependence. Based on 7 years of SABER
(Sounding of the Atmosphere using Broadband Emission
Radiometry) observations on board the TIMED (Thermo-
sphere, Ionosphere, Mesosphere Energetics and Dynamics)
satellite, Gan et al. (2012) showed that MILs at low latitudes
exhibit a semi-annual cycle and reach their maximum am-
plitude (30–40 K) in spring and autumn. By comparison, at
middle latitudes an annual cycle appears with the maximum
amplitude (24–33 K) observed in winter. Furthermore, it was
found that the frequency of MILs reached a maximum value
of 90 % during equinox in equatorial and tropical regions,
whereas a maximum of 70 % was observed in winter at mid-
dle and high latitudes. Combining ground-based Rayleigh
lidar observations, ISAMS (Improved Stratospheric And
Mesospheric Sounder) and HALOE (Halogen Occultation
Experiment) temperature measurements from UARS (Up-
per Atmospheric Research Satellite) observations, Leblanc
and Hauchecorne (1997) proposed a detailed climatology of
MILs. They found that the latitudinal variations are largely
symmetric about the Equator. Ground-based Rayleigh lidar
observations are very helpful to understand the MIL mor-
phology with good vertical resolution, particularly at mid-
latitudes. In particular, studies reported in the literature re-
garding MILs detected by ground-based Rayleigh lidar are
principally realized for this latitude region (Hauchecorne et
al., 1987; Whiteway et al., 1995; Leblanc and Hauchecorne,
1997; Meriwether et al., 1998; States and Gardner, 1998;
Duck et al., 2001). A further reason for studies being car-
ried out in this specific latitude range is that most of the
ground-based Rayleigh lidar facilities are located at mid-
latitudes (Gan et al., 2012). As a direct result, investigations
using ground-based Rayleigh lidar at tropical latitudes are
very sparse. The few studies reported in the literature using
this measurement technique at tropical regions were mainly
carried out at Gadanki (13.5◦ N, 79.2◦ E) (Siva Kumar et al.,
2001; Nee et al., 2002; Ratnam et al., 2002, 2003; Kishore
Kumar et al., 2008). Based on analysis of 4 years of tem-
perature profiles recorded at Gadanki, Ratnam et al. (2003)
found that the characteristics of MILs over this tropical site
evolve in time following an annual cycle, with a maximum
occurring during summer and a corresponding minimum in
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winter. Using 8 years of lidar observations, Kishore Kumar
et al. (2008) found a clear semi-annual cycle in the MIL oc-
currence at the Gadanki site.

Although MILs are frequently observed on mesospheric
temperature profiles from the Equator to high latitudes, a
possible formation mechanism is not well established (Meri-
wether and Gerrard, 2004). Several MIL formation mecha-
nisms involving wave activity have been proposed and are
well documented by Meriwether and Gerrard (2004). Based
on Rayleigh lidar observations, Hauchecorne et al. (1987)
proposed that the inversion observed near 75 km at mid-
dle latitudes is linked to gravity wave breaking. In this sce-
nario gravity waves propagating into higher altitudes de-
posit their momentum thereby decelerating the local wind.
The breaking of these waves then produces turbulence in-
side and above the inversion layer (Hauchecorne et al., 1987;
Whiteway et al., 1995; Ratnam et al., 2002). However, some
studies indicate that the breaking of gravity waves is not
strong enough to produce a high amplitude value of 35–
40 K (Fritts and van Zandt, 1993; Lubken, 1997; Ratnam
et al., 2003). Based on rocket sounding performed between
1991 and 1997, Lubken (1997) showed that wave dissipation
provides a maximum heating rate of about 10–20 K day−1

during summer. Through the use of Rayleigh lidar observa-
tions at Utah (41.7◦ N, 111.8◦W), Meriwether et al. (1998)
provided evidence to support the assumption that MILs re-
sult from the interaction between gravity wave with tidal
structures. The analysis of the Rayleigh lidar observations
at Eureka (80◦ N, 86◦W) reveals a distribution with altitude
similar to that found at middle latitudes but without a re-
lationship to stratospheric gravity wave activity (Duck and
Greene, 2004). Satellite observations have also contributed
to improving the understanding of MIL characteristics. More
recently, through the analysis of monthly zonal mean tem-
perature data obtained from SABER observations, Gan et
al. (2012) suggested that semi-annual oscillations are the
fundamental cause of large spatio-temporal-scale MILs at
low latitudes. Parallel to observations, numerical modelling
of temperature inversion layers has also contributed signif-
icantly to the understanding of this phenomenon. An alter-
native formation mechanism was presented by Meriwether
and Mlynczak (1995) using a two-dimensional model. This
combined a comprehensive model of mesosphere photo-
chemistry with dynamic transport of long lived species.
This study suggested that MILs are due to chemical heat-
ing through exothermic reactions (implying the presence
and chemical involvement of ozone). However, Leblanc and
Hauchecorne (1997) estimated that the heating rate produced
by these reactions does not seem to be efficient enough for
the development of inversions of amplitude such as 40 K, es-
pecially in the lower mesosphere and during the day. They
suggested that a chemical source of temperature enhance-
ment which resulted in a temperature inversion could be
plausible only above 85 km. Various possible exothermic re-
action involving Ox and HOx were suggested as being re-

sponsible for the heating in the middle atmosphere during
daytime (Berger and von Zahn, 1999). Using the Whole At-
mosphere Community Climate model (WACCM) including a
parameterization of both orographic wave and a spectrum of
travelling gravity wave, Sassi et al. (2002) demonstrated that
MIL events arise as a consequence of rapid wave-breaking
dissipation of planetary waves at middle latitudes. More re-
cently, France et al. (2015), also using the WACCM model,
showed that MILs at middle latitudes are driven by decay
of vertically propagating planetary waves in the mesospheric
surf zone. Previous studies therefore suggest a latitudinal
variation in the characteristics of the MILs with different pos-
sible formation mechanisms.

Because of a lack of ground-based observations over
Southern Hemisphere tropical/subtropical latitudes, ques-
tions arise regarding the characteristics of MILs and their
formation mechanisms in these regions. In this investi-
gation, Rayleigh lidar data recorded at Réunion (20.8◦ S,
55.5◦ E) since 1994 and at Mauna Loa (19.5◦ N, 155.6◦W)
since 1993 have been employed. These data were recorded
within the framework of the Network for the Detection of
Atmospheric Composition Change (NDACC) (Keckhut et
al., 2004). These lidar systems have been providing quasi-
continuous temperature profiles in the altitude range 30 to
80 km. The Réunion Rayleigh lidar temperature measure-
ments have already been used for case studies and clima-
tological analysis of the middle atmosphere (Morel et al.,
2002; Moogawa et al., 2007; Batista et al., 2009; Raju et al.,
2010; Sharma et al., 2017). Based on Rayleigh lidar obser-
vations at Réunion from October to November 1995, Morel
et al. (2002) analysed the tidal perturbation on the temper-
ature profiles. Sivakumar et al. (2011) proposed a climatol-
ogy of stratosphere-mesosphere temperature from 14 years
of Rayleigh lidar data recorded at Réunion. They found a pre-
dominant semi-annual oscillation between 30 and 60 km with
a maximum temperature at the equinoxes and a minimum at
the solstices. The Rayleigh lidar located at Mauna Loa con-
stitutes a unique and valuable dataset to study the long-term
middle atmospheric temperature and dynamical variability in
the tropical/subtropical region in the Northern Hemisphere
(Leblanc et al., 1998, 1999; Leblanc and McDermid, 2001;
Li et al., 2008, 2010; Dou et al., 2009). Leblanc et al. (1998)
completed a climatological study of middle atmosphere tem-
perature including lidar observations recorded at Mauna Loa
during the period 1993–1997. They found that the amplitude
of the seasonal temperature variation is weak and character-
ized by a clear semi-annual oscillation. It is worth noting that,
to date, no study on MILs using Rayleigh lidar observations
at Réunion has been published.

In this investigation, 16 and 21 years of Rayleigh lidar
observations collected at Réunion and Mauna Loa, respec-
tively, have been employed to produce a statistical analy-
sis of the characteristics of the MILs and to determine their
seasonal variability. The Mauna Loa and Réunion lidar sys-
tems have been providing quasi-continuous temperature pro-
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files in the 12–90 and 30–80 km altitude ranges, respectively.
These lidar results will be compared to those obtained from
SABER observations where relevant. This paper is organized
as follows. Section 2 describes the data and the method used
to detect MILs. Section 3 provides results of the statisti-
cal analysis obtained from Rayleigh lidar observations. Sec-
tion 4 presents the intra- and inter-annual variability of MILs.
The similarity of MIL characteristics between these two sites
(symmetrical about the Equator) is discussed in Sect. 5. A
summary and conclusions are presented in Sect. 6.

2 Data and methodology

2.1 Observations

2.1.1 Ground-based Rayleigh lidar observations

The ground-based Rayleigh lidar temperature profiles em-
ployed in this study were recorded at Réunion (20.8◦ S,
55.5◦ E) since 1994 and Mauna Loa (19◦ N, 155◦W) since
1993 within the framework of NDACC network. The two
Rayleigh lidar temperature datasets were downloaded from
the NDACC website (http://www.ndsc.ncep.noaa.gov/). The
lidar systems at Réunion and Mauna Loa are described in de-
tail by Bencherif et al. (1996) and McDermid et al. (1995),
respectively. The Rayleigh–Raman lidar system at Mauna
Loa was established by the Jet Propulsion Laboratory (JPL)
and has been in operation since 1993. Between 1993 and
2001, the emitter system consisted of an excimer laser beam
at 308 nm shifted through a nitrogen Raman cell to transmit
353 nm, at a repetition rate of 200 Hz. In 2001, it was re-
placed by a Nd:YAG laser (1064 nm), tripled to transmit at
355 nm with a repetition rate of 50 Hz. The optical receiver
includes a Cassegrain telescope (0.91 m diameter) coupled
with a six-channel polychromator, three of those channels be-
ing used for temperature retrieval (two 353/355 nm Rayleigh
backscatter channels and one 385/387 nm vibrational Raman
backscatter channel). The signals collected by the photo-
multipliers are sampled by multi-channel scalers (MCS) at
2 µs intervals (300 m) and saved in the raw data files ev-
ery 5 to 20 min, depending on the period considered over
the 1993–present time series. During processing, the tem-
perature profiles are further integrated to a 2 h average and
then vertically smoothed to yield an effective resolution rang-
ing from 300 m in lower stratosphere to 4 km in the upper
mesosphere, following the NDACC-standardized definition
detailed in Leblanc et al. (2016a). Temperature uncertainty
ranges from 0.5 K in the mid-stratosphere to 2 K in the lower
mesosphere, and more than 10 K in the upper mesosphere as
a result of lower signal-to-noise ratios and uncertainty ow-
ing to the “a priori” temperature initialization. A full uncer-
tainty budget for Rayleigh/Raman temperature lidars with a
specific example for the Mauna Loa system is presented in
Leblanc et al. (2016b). At Réunion, the Rayleigh lidar system

was established at the Saint-Denis campus (approximately
sea level) by the Laboratoire de l’Atmosphere et des Cy-
clones (LACy) and was operational from 1994 to 2009. The
lidar temperature profiles at Réunion were recorded with the
use of a Nd:YAG laser (emitting at 532 nm). The laser is op-
erated at 30 Hz with corresponding pulse energy of 300 mJ.
Backscattered photons are collected by a telescope composed
of four mirrors with a total surface area of 0.67 m2. The lidar
return signal is collected with a height resolution of 300 m
and time integration of 122 s.

Temperature profiles from the Rayleigh lidar measure-
ments are derived according to the analytical method used by
Chanin and Hauchecorne (1984). In the altitude range where
Mie scattering is negligible (∼ 30–80 km) and assuming that
the atmosphere is in hydrostatic equilibrium, the recorded
signal intensity is proportional to the molecular number den-
sity. At the top of the atmosphere (∼ 80 km), where the
signal-to-noise ratio is fairly high, the COSPAR International
Reference Atmosphere (CIRA-86) standard model (Rees et
al., 1990; Barnett and Corney, 1985) and MSISE-00 (Hedin,
1991) model are used as a reference pressure value at Réu-
nion and Mauna Loa, respectively. The vertical temperature
profile is then computed downward using the measured den-
sity profiles and the computed pressure profile initialized by
the CIRA and MSISE-00 model at Réunion and Mauna Loa,
respectively. Leblanc et al. (1998) showed that the uncer-
tainty at the top of the profile decreases rapidly and an un-
certainty of 15 % in the pressure corresponds to a tempera-
ture uncertainty less than 2 %. Kishore et al. (2014) reported
that in individual profiles, the temperature accuracy varies
between 0.5 and 1.5 K in the stratosphere and 2 and 3 K in
mesosphere.

The Réunion lidar dataset contains 1321 temperature pro-
files recorded quasi-continuously from May 1994 to Au-
gust 2009. It should be noted that no temperature profiles
were recorded at Réunion during 2007 because of laser tech-
nical problems. At the Mauna Loa site, 21 years (Octo-
ber 1993–April 2014) of continuous Rayleigh lidar observa-
tions were used. This dataset corresponds to a total of 2526
temperature profiles. The total number of profiles per year
and for both sites ranges between 39 and 140. On average
this is equivalent to approximately 30 temperature profiles
per month. Réunion and Mauna Loa temperature lidar pro-
files have been widely used in different research projects
(Leblanc et al., 1998, 1999; Morel et al., 2002; Cadet et al.,
2003; Bencherif et al., 2007; Dou et al., 2009; Sivakumar et
al., 2011; Kishore et al., 2014).

Due to the initialization of the pressure at the top of the
profile by an atmospheric model (CIRA-86; MSISE-00), the
uncertainty in the temperature values in the mesosphere (at
altitudes above 80 km) is the highest. Since upper MILs are
usually situated at an average altitude greater than 85 km, this
study will focus on the investigation of lower MILs which
are usually located below 82 km (Meriwether and Gerrard,
2004).

Ann. Geophys., 35, 1177–1194, 2017 www.ann-geophys.net/35/1177/2017/
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2.1.2 SABER observations

This study employed vertical temperature profiles level 2A
data measured by the Sounding of the Atmosphere using
Broadband Emission (SABER) instrument, which is one of
the four instruments on board the Thermosphere, Ionosphere,
Mesosphere, Energetics and Dynamics (TIMED) satellite.
These data can be downloaded from the web site http://
saber.gats-inc.com. This instrument (SABER) primarily as-
sists in providing understanding of the thermal structure of
the stratosphere, mesosphere and the lower thermosphere
(Remsberg et al., 2003). The TIMED satellite was launched
on 7 December 2001, and it operates in nadir view from its
625 km circular orbit at a 74.1 inclination angle with a period
of about 102 min (Russell III et al., 1999; Remsberg et al.,
2003). The SABER instrument started taking measurements
in late January 2002, and it continues to provide global cov-
erage of atmospheric thermal structure giving profiles from
52◦ S and 83◦ N during which time it is in its northwards-
looking mode (for approximately 2 months) before switch-
ing to southwards-looking mode, where it repeats the same
sequence for another 2 months (Remsberg et al., 2003). The
SABER vertical profiles are produced every 52 s, with a pro-
file spacing of approximately 3◦ of latitude for every 15 or-
bits per day, and with each profile having a vertical resolution
of ∼ 2 km.

The SABER kinetic temperature profiles have accura-
cies of the measurements which are 1.5 K for 15–80 km
and 4 K for 80–100 km. More details regarding errors in
SABER kinetic temperature especially due to non-local ther-
modynamic equilibrium (non-LTE) model parameters are
explained by a study by Garcia-Comas et al. (2008). This
is primary because non-LTE effects are said to be domi-
nant at higher altitudes, especially of the extratropics of the
upper mesosphere (Mertens et al., 2004; Remsberg et al.,
2003). In this study, we chose to use a level 2 SABER data
product which included significant improvement to temper-
ature algorithm such as the procedure to retrieve tempera-
ture for conditions that are not in local thermodynamic equi-
librium (nLTE). The technical details of these datasets are
described in the SABER Algorithm Document, available at
http://saber.gats-inc.com/documentation.php. In this investi-
gation, 13 years (February 2002–February 2015) of SABER
overpasses (within ±5◦ in latitudinal and longitude shift) for
the two selected lidar locations, Réunion and Mauna Loa,
were employed. This surface area was chosen to guarantee
at least 10 satellite profiles per day. Taking into account the
conditions mentioned previously, 17 550 and 17 553 temper-
ature profiles were used over Réunion and Mauna Loa, re-
spectively. The valuable nature of SABER observations for
the study of the middle atmosphere is well documented in
previous research (Meriwether and Gerrard, 2004; Fechine
et al., 2008; Dou et al., 2009; Gan et al., 2012; France et al.,
2015).

Figure 1. Vertical temperature profile obtained from lidar (red
line) and SABER (blue line) measurements over Réunion on
13 June 2005. The thickness (lidar= 5.2 km; SABER= 6.1 km) and
the amplitude (lidar= 18.5 K; SABER= 23.3 K) of the MIL are in-
dicated by the dashed line.

2.2 Detection and analysis of the MILs (methodology)

MILs were identified by following the procedure outlined by
Leblanc and Hauchecorne (1997) and Fechine et al. (2008)
and which is briefly presented here. It is worth noting that this
procedure has been applied in many previous studies investi-
gating the phenomenon of mesospheric inversion (Leblanc et
al., 1998; Meriwether and Gardner, 2000; Duck et al., 2001;
Duck and Greene, 2004; Cutler et al., 2001; Siva Kumar et
al., 2001; Ratnam et al., 2003; Gan et al., 2012). Figure 1
shows an example of a vertical temperature profile obtained
from lidar and SABER observations over the Réunion site
and showing a significant MIL structure. The identification
procedure of Leblanc and Hauchecorne (1997) is based on
the characteristics of the temperature inversion. In particular,
the thickness and the amplitude which correspond to differ-
ences in altitude and temperature between the top and bottom
level of the inversion layers, respectively (see Fig. 1). MILs
are identified by using the following three criteria: (1) the
bottom of the inversion is located at least 5 km above the
stratopause and the top is below 90 km, (2) the amplitude is
larger than 10 K and (3) the thickness is greater than or equal
to 4 km. The temperature inversions which satisfy the above
mentioned criteria are considered as significant MILs. It is to
be noted that this MIL diagnostic was applied on the daily
lidar and SABER profiles.

Once all temperature profiles with significant MIL struc-
tures have been identified, a descriptive statistical analysis is
performed. In the descriptive statistical analysis, basic statis-
tical parameters and distribution functions are produced from
the derived inversion dataset. A difference in the characteris-
tics of the MILs such as frequency between the two sites is

www.ann-geophys.net/35/1177/2017/ Ann. Geophys., 35, 1177–1194, 2017
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judged significant when the frequency of one sample is not
within the confidence interval of the other sample (Wilks,
1995).

3 Statistical analysis of temperature inversion layer

The application of the methodology described above to
Rayleigh lidar observations (1994–2009) shows that a to-
tal of 132 and 210 MIL events are detected over Réunion
and Mauna Loa, respectively. These MIL occurrences cor-
respond to 10 and 8.3 % of temperature profiles at Réunion
and Mauna Loa, respectively. Taking into account the whole
lidar dataset of observations over Mauna Loa (1993 to 2014),
the frequency of MIL occurrence is slightly higher and rep-
resents 9.3 % of the total profiles recorded. From the statis-
tical results obtained during the same period, it is clear that
MILs are slightly more frequent over the Réunion site. How-
ever, this result may be biased by the difference in temporal
sampling between the two sites as presented in the previous
section. Moreover, similar results are obtained using satel-
lite observations which have at least one profile per day, per
site. From satellite temperature profiles, occurrence rates of
19 and 15 % over Réunion and Mauna Loa are observed, re-
spectively.

Figure 2 illustrates the monthly evolution of MIL oc-
currence rates over Réunion and Mauna Loa. In agreement
with the previous comments, Fig. 2 shows that generally
the monthly frequency of detection of MILs at Réunion is
slightly higher than at Mauna Loa, particularly from satellite
observations. According to SABER observations, the maxi-
mum occurrence rate over Mauna Loa is obtained in April
(12 %) and October (14 %), near the equinoxes, whereas the
minimum is observed during January (8 %) and September
(6 %), near the solstice (Fig. 2a). Based on SABER obser-
vations, the maxima in MIL occurrences over Réunion are
observed in April (16 %) and November (18 %), near the
equinoxes, whereas the minima are observed with SABER
during February (6 %) and August (11 %), near the solstice.
The lidar observations over Mauna Loa confirm the same
seasonal variation with a maximum in occurrence rate corre-
sponding to the equinoxes and the minimum corresponding
to the solstice (Fig. 2a). The results obtained over Réunion
are in fairly good agreement with those obtained over Mauna
Loa. Nevertheless, it can be observed that the lidar obser-
vations over Mauna Loa show slightly different behaviour
mainly during the winter months (Fig. 2a). The reason could
be the gravity wave activity, which is much stronger in the
Northern Hemisphere middle atmosphere compared to the
Southern Hemisphere. It is important to note that lidars are
very sensitive in detecting gravity wave activity in the atmo-
sphere. The wave activity (including gravity waves) in the
middle atmosphere is primarily of tropospheric origin. To-
pography plays an important role in initiating these waves,
and they grow with amplitude as they propagate upwards.

Figure 2. Frequency of occurrence of MIL events over Réunion
(blue) and Mauna Loa (red) obtained from (a) lidar during the
1994–2009 period and (b) SABER observations during the 2002–
2015 period. The red and blue curves correspond to least squares
fit of semi-annual oscillation for Mauna Loa and Réunion, respec-
tively.

The Southern Hemisphere and Northern Hemisphere have
varying and diverse geophysical processes due, for exam-
ple, to the difference in land cover, ocean size and radiation
fluxes. In relation to the generation of gravity waves in the
troposphere, the Southern Hemisphere is dominated by the
ocean (hence inducing less gravity wave activity), whereas
the Northern Hemisphere is dominated by land cover (hence
inducing more gravity wave activity). Studies such as Fritts
and Vanzandt (1993) and Fritts and Alexander (2003) have
showed significant differences between the Southern Hemi-
sphere and the Northern Hemisphere with regard to gravity
wave activity in the middle atmosphere, primarily due to to-
pography differences. These results are in agreement with
previous studies (Leblanc and Hauchecorne, 1997; Siva Ku-
mar et al., 2001; Fechine et al., 2008) and are discussed more
fully in Sect. 5.

The monthly evolution obtained from ground-based and
satellite observations reveals a semi-annual modulation at
both sites. This is best illustrated by the least squares fits
representing the semi-annual cycle and is superimposed in
Fig. 2a and b. The least squares fit plots illustrate how the
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Figure 3. Distribution of MIL (a, b) amplitude, (c, d) thickness and (e, f) base over Réunion (a, c, e) and Mauna Loa (b, d, f) from lidar
observations during the 1994–2009 period and the 1994–2014 period, respectively.

MIL occurrence rates are driven by the semi-annual forcing,
with root mean square difference (RMSD) of the order of
1.6 relative to the annual cycle and with an RMSD of the
order of 5.2. Consideration of Fig. 2b shows that the semi-
annual cycle is well defined in SABER temperature profiles.
This could be due to the fact that the temporal sampling is
better from satellite observations than from lidar measure-
ments. It should be noted that the semi-annual cycles ob-
tained from SABER observations over both sites are in phase,
whereas a delay of 1 month is observed in lidar observations
(see Fig. 2). Based on satellite observations, Leblanc and
Hauchecorne (1997) showed that the evolution of MIL occur-
rence rates at lower latitude follows a semi-annual cycle with
the maximum near the equinoxes. More recently, by using
SABER observations over Cariri (Brazil; 7.4◦ S, 36.5◦W)
during 2005, Fechine et al. (2008) showed that the maximum
occurrence of MILs occurred in April and October, whereas
the minimum occurred in January and July. Over two sym-
metrical tropical sites they demonstrated that the monthly
evolution of the frequency of occurrence of MILs is similar
and shows a dependency on the solstices and equinoxes.

It is worth noting that this investigation shows a signif-
icant difference between the two selected sites in January.
The occurrence rate of the lower MILs in January is around
2 times higher over Réunion than Mauna Loa (see Fig. 2a).

In January, MILs represent 10 % of the temperature profiles
at the Réunion site. This may suggest that other processes
could be involved during this period at this location. This
observation could be related to the increase in convective ac-
tivity in the southwestern Indian Ocean (SWIO) basin during
this period. It is well known that low-pressure and tropical
cyclone systems are a source of low-frequency convective
gravity waves in the SWIO basin (Chane-Ming et al., 2007,
2010; Ibrahim et al., 2010). Based on a 10-season clima-
tology investigation (1997/1998–2006/2007) obtained from
GPS windsonde, Ibrahim et al. (2010) showed a linear rela-
tionship between weekly gravity waves total energy density
in the lower stratosphere and the activity of intense tropical
cyclones in the SWIO basin. These gravity waves which were
produced through the activity of intense tropical cyclones
could also influence the dynamics of the middle atmosphere
as well as the general circulation.

Probability density function (PDF) parameters of MIL
characteristics at Réunion and Mauna Loa are shown in Fig. 3
and summarized in Table 1. It is worth noting that the char-
acteristics of the MILs are significantly distributed follow-
ing a normal law. For both sites, MILs are found to be dis-
tributed to the altitude range 75 to 82 km with a maximum
amplitude exceeding 30 K (see Fig. 3). It should also be
noted that the statistical distribution presented in this work
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Table 1. The inversion characteristics at Réunion and Mauna Loa from lidar. The inversion characteristics obtained from SABER are reported
in parentheses. The confidence interval of the mean is calculated at 95% level.

Amplitude (K) Thickness (km) Base (km)

Mauna Loa Réunion Mauna Loa Réunion Mauna Loa Réunion

Mean 29.2 (33.6) 31.2 (34.8) 5.5 (5.9) 4.5 (5.6) 79.5 (80.5) 78.6 (79.8)
SD 2.4 (2.3) 2.6 (2.8) 1.2 (1.5) 1.5 (1.8) 1.3 (1.5) 1.4 (1.6)
CI ±0.3 (±0.3) ±0.4 (±0.5) ±0.2 (±0.4) ±0.3 (±0,3) ±0.2 (±0.3) ±0.2 (±0.2)

is fairly consistent with the work published by Siva Ku-
mar et al. (2001) over Gadanki (13.5◦ N, 79.2◦ E). Based on
119 nights of Rayleigh lidar observations from March 1998
to February 2000, Siva Kumar et al. (2001) showed that the
peak of the inversion layer is confined to the altitude range
73 to 79 km with a maximum at approximately 76 km. The
analysis of the PDFs reveals that the mean values of MIL
characteristics are quite different for the two sites. On aver-
age, the thickness and the base of the MILs at Mauna Loa
are 1 km higher than at Réunion (Table 1). However, the
amplitude of the MILs is on average higher over Réunion
(31.2 K) than Mauna Loa (29.2 K). The confidence intervals
of the mean are calculated at 95 % and indicate that the differ-
ences between the two sites are statistically significant (Ta-
ble 1). At both sites, the inversion characteristics obtained
from SABER observations are higher than those obtained
from lidar observations (Table 1). The difference between
SABER and lidar observations over both sites will be dis-
cussed in detail in the next section.

4 Intra- and inter-annual variability

Figure 4 depicts the time evolution of monthly average
(a) amplitude, (b) thickness and (c) base of the tempera-
ture inversion layer obtained from lidar observations during
1994–2009 over Réunion (blue line) and during 1993–2014
over Mauna Loa (green line). The corresponding standard
deviations are represented by the vertical bars. As expected,
the amplitude of the MILs shows a semi-annual cycle over
the two sites with maxima near the equinoxes and minima
during the solstices. Over Réunion, the maximum mean am-
plitude reaches 32± 6 K during equinoxes, while the mini-
mum mean amplitude is 28± 5 and 30± 5 K during summer
and winter, respectively. Over Mauna Loa, the maximum and
minimum are 30± 6 and 20± 6 K near equinoxes and sol-
stices, respectively. The evolution of monthly averages of the
MIL parameters obtained from SABER observations during
2002–2015 over Réunion (red line) and Mauna Loa (black
line) is also shown in Fig. 4. On average the amplitude over
Réunion is higher than Mauna Loa throughout the year, ex-
cept during the September–October period particularly from
satellite observations. Over both sites, the maximum mean
amplitude obtained from SABER is observed in April and

October and corresponds to a value greater than 35 K. Over
the both sites, the first minimum amplitude is January. The
second minimum is observed in June (30± 4 K) and Septem-
ber (30± 3 K) over Mauna Loa and Réunion, respectively.

Unlike the two mean parameters (amplitude and base of
MIL events), the semi-annual cycle is not significant in the
monthly evolution of MIL thickness obtained from both lidar
and SABER measurements (see Fig. 4b). Thickness appears
to be approximately constant during the first months of the
year (February to April). The measurements of SABER MIL
thickness seems to be greater over Mauna Loa than at Réu-
nion. According to lidar observations, the monthly evolution
of MIL thickness have a fairly similar shape for both sites and
are at a quasi-constant difference of 1 km apart throughout
the year (see Fig. 4b). The lidar observations reveal that max-
imum mean thicknesses are observed in May and November
with average values of 4.8± 1.2 km and 5.6± 1.3 km over
Réunion and Mauna Loa, respectively. As a whole, the time
evolution of monthly average thickness of the MILs obtained
from SABER and lidar observations at Réunion compare
fairly well. However, consideration of Fig. 4b shows that the
thickness obtained from SABER is higher than that measured
by lidar. On average, for Réunion and Mauna Loa this differ-
ence between SABER and lidar measurements corresponds
to a difference of approximately 1.1 and 0.4 km, respectively
(Table 1). As reported by Leblanc and Hauchecorne (1997),
the altitudes where these inversions occur are sources of un-
certainty. This is because the tops of the inversions are close
to critical altitude. As a result some inversions do not appear
very significant because of poor accuracy of the measure-
ments. When compared to the two previous parameters, the
magnitude of the semi-annual cycle is more significant in the
evolution of the height of the base (Fig. 4c). Furthermore, the
monthly evolution obtained from the lidar and SABER obser-
vations is fairly similar, particularly in the first 5 months of
the year. It is therefore clearly seen that the height of the base
is at a maximum near the equinoxes and a minimum dur-
ing the solstice. Moreover, the Mauna Loa lidar does show
a maximum during January, especially in both the amplitude
and thickness. It is a well-known fact that January and Febru-
ary of the Northern Hemisphere may have a major strato-
spheric sudden warming (SSW) at least every 2 years. During
such an event, planetary waves tend to slow down the mean
flow in the middle atmosphere, which induces a suitable en-
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Figure 4. Time evolution of monthly averaged (a) amplitude,
(b) thickness and (c) base of the inversion layer obtained from li-
dar and SABER observations during 1994–2009 over Réunion (red
line) and during 1993–2015 over Mauna Loa (black line).

vironment for gravity waves to propagate all the way upward
to the mesosphere–lower thermosphere region. Usually, the
planetary wave activity becomes stronger just before a ma-
jor SSW (Dawdy et al., 2004; Hoffmann et al., 2007; Mbatha
et al., 2010). Previous studies have shown that the increase
in planetary waves (France et al., 2015) and gravity waves
(Hauchecorne et al., 1987) in the middle atmosphere creates

good conditions for MILs to take place. Lidar is capable of
detecting fluctuations of gravity waves scales, while these
could be filtered out in satellite observations. Therefore, it
may not be surprising that the maximum occurrence of MILs
is observed in January. One case study which reported simi-
lar behaviour is a study by Irving et al. (2014). The seasonal
behaviour of height of the base is opposite to that of am-
plitude and thickness in that the difference between the two
sites obtained from the lidar and SABER observations con-
cerning the height of the base is fairly similar (∼ 1.1 km on
average). According to lidar observations, the maximum and
minimum mean of the base height range from 79 to 80.5 km
and from 76 to 77.5 km, respectively. The interval of the max-
imum and minimum mean of the base altitudes obtained from
SABER observations is slightly higher with values ranging
from 80.5 to 82 km and from 77 to 79 km, respectively. The
observations of MILs at Réunion and Mauna Loa are in quite
good agreement with those reported previously (Leblanc et
Hauchecorne, 1997; Fadnavis and Beig, 2004; Fechine et al.,
2008; Ratnam et al., 2002, 2003; Siva Kumar et al., 2001;
Gan et al., 2012). A detailed discussion and comparison of
the results obtained in this study with results from previous
studies over tropical regions is given in Sect. 5.

Figure 5 shows the time evolution of monthly amplitude,
thickness and base height plotted for both SABER and lidar
(Réunion and Mauna Loa) for the period from early 2002 for
the SABER observations and 1993 and 1994 for Mauna Loa
and Réunion lidar data, respectively. It is apparent that the
SABER satellite observations reveal higher values than lidar
over both sites, for the three parameters: amplitude, thickness
and base height of MIL events.

The amplitude of the MILs as observed by SABER data
varies between 27 and 40 K for both Réunion and Mauna Loa
sites, while by comparison both lidar datasets indicate that
the amplitude of the MILs varies between 23 and 32 K. The
monthly mean of MILs as measured by SABER seems to in-
dicate two peaks of the amplitude (∼ 40 K) during the 2011–
2012 period over the Réunion site (see Fig. 5a). The monthly
amplitude means of MILs as measured by SABER seems
to indicate an upwards trend for both the Southern Hemi-
sphere and the Northern Hemisphere respectively, while this
is not apparent for other parameters. However, for some pe-
riods it is possible to observe a decrease in the magnitude
of the thickness and base evolutions (see Fig. 5b and c). For
instance, a decrease in the magnitude of the thickness varia-
tions is observed during the period 2004–2007.

In spite of the many studies being carried out, the param-
eters governing the variability of MILs are not fully under-
stood. The possible parameters involved in the behaviours of
MILs for these two locations will be discussed in the next
section.
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Figure 5. Time evolution of monthly (a) amplitude, (b) thickness
and (c) base of the inversion layer obtained from lidar and SABER
observations over Réunion and Mauna Loa, respectively, for the pe-
riod 1993–2014.

5 Discussion

5.1 Characteristics of the MILs

Our results reveal the existence of similarities in the charac-
teristics of the MILs (amplitude, thickness, base) over these
two quasi-symmetrical tropical sites. The characteristics of

the MILs over these sites seem to be dominated by the semi-
annual cycle with maximum and minimum observed near
equinoxes and solstices, respectively. The semi-annual cy-
cle is clearly observed from both lidar and SABER temper-
ature profiles over both sites. These similarities in the evolu-
tion of MILs at Réunion and Mauna Loa confirm the results
of Gan et al. (2012) obtained on a global scale. Based on
SABER observations from 2002 to 2009, Gan et al. (2012)
showed the global distribution of the monthly zonal mean
occurrence rate and the characteristics of MILs. They found
in both hemispheres that the evolution of the characteris-
tics of MILs followed a semi-annual cycle at low latitudes
and an annual cycle at mid-latitudes. Previously, Leblanc and
Hauchecorne (1997) used HALOE observations to show the
existence of a strong semi-annual cycle on the evolution of
MIL characteristics in a lower latitude belt centred on the
Equator and covering the tropical region. According to these
global studies, observations are therefore expected to show
a semi-annual cycle on the evolution of MIL characteristics
over two tropical sites that are symmetrically located with
respect to the Equator such as Réunion and Mauna Loa. In
agreement with previous research, results presented in this
study also confirm the fact that the latitudinal variations in
the characteristics of the MILs are symmetrical with respect
to the Equator. Although the differences between Réunion
and Mauna Loa are statistically significant, it is noted that
the mean values are roughly close, particularly according to
SABER observations (see Fig. 4). This study reveals that the
MILs at Réunion appear on average thinner (∼ 1 km), lower
(∼ 1 km) but with a higher amplitude (∼ 2 K) than Mauna
Loa. Apart from amplitude, the difference in MILs between
Réunion and Mauna Loa are consistent with the work of Gan
et al. (2012). To summarize, the present results indicate that
MILs in the Southern Hemisphere usually appear to be thin-
ner, lower and with a larger amplitude than those observed in
the Northern Hemisphere.

Moreover, by analysing HALOE observations from 1991
to 2001, Fadnavis and Beig (2004) found a strong semi-
annual cycle in the evolution of the MILs over the north
Indian tropical region (0–30◦ N, 60–100◦ E). In this study,
excluding amplitude, it is noted that the base and the thick-
ness variations obtained at Réunion and Mauna Loa compare
fairly well with their results over the north of the Indian trop-
ical region. Indeed, they found that the monthly mean ampli-
tude varies from 7 to 12 K, whereas at Réunion the monthly
mean amplitude varies from 29 to 33 K and from 28 to 36 K
according to lidar and SABER observations, respectively. It
should be noted that the monthly mean amplitude variations
obtained by Fadnavis and Beig (2004) are also weak in com-
parison to the amplitude obtain at Mauna Loa in this in-
vestigation. The statistical analysis completed by Fechine et
al. (2008) over an Atlantic tropical region (17◦ S–3◦ N, 26–
40◦W) provides a better comparison with the results pre-
sented here. Using SABER observations during 2005, Fe-
chine et al. (2008) obtained monthly mean amplitude evo-
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lution similar to the results presented here but with values
ranging from 17 to 34 K. It should also be noted that the
monthly mean thickness and base variations shown in Fig. 4
are in agreement with the work of Fechine et al. (2008).
Furthermore, the amplitude variations observed by Ratnam
et al. (2003) from lidar observations over an Indian tropi-
cal site are in fairly good agreement with this study. Based
on about 40 months of lidar data measured from 1998 to
2003 over Gadanki (13.5◦ N, 79.2◦ E), Ratnam et al. (2003)
observed monthly mean amplitude ranging from 16 to 33 K
with the peak occurring mostly during equinoxes. Moreover,
they found that the evolution of the characteristics of MILs
follows an annual cycle over tropical regions. This result is
in disagreement with the results presented in this study and
those usually observed over tropical regions. It is worth not-
ing that, using lidar observations at Gadanki from 1998 to
2007, Kishore Kumar et al. (2008) found a clear semi-annual
cycle in MIL occurrence.

In general, the statistical results for the two tropical re-
gions presented in this investigation are in fairly good agree-
ment with previous studies (Leblanc and Hauchecorne, 1997;
Siva Kumar et al., 2001; Fadnavis and Beig, 2004; Meri-
wether and Gerrard, 2004; Fechine et al., 2008; Gan et al.,
2012). Most previously reported studies on MIL occurrences
over tropics are based on satellite observations. As a conse-
quence, the discrepancies existing between results presented
in this study and previous investigations could be mainly due
to different measurement techniques or horizontal resolution
observation. Unlike satellite experiments that allow global
observations, a ground-based lidar system is able to derive
temperature profiles at a specific location.

5.2 SABER and lidar observations: effects of spatial
coincidences

In the present study, the monthly mean characteristics of
MILs obtained from SABER satellite observations are on av-
erage greater than those obtained by lidar systems operating
at Réunion and Mauna Loa. Figure 6 depicts the monthly
mean and standard deviations of the differences between li-
dar and SABER observations on both sites. The difference
in amplitude is about 5 K during the boreal spring months
(March–April) and boreal autumn months (August and Oc-
tober) at Mauna Loa (Fig. 6a). Except during the boreal win-
ter months (January–February) and April, the difference in
amplitude is ranging from 0.5 to 2 K at Réunion. In con-
trast to amplitude, the difference in thickness at Réunion (av-
erage of 1.1 km) is greater than at Mauna Loa (average of
0.4 km) (Fig. 6b). At both sites, the differences in the base
of temperature inversion reach their maximum value (2 km)
during the spring months (March–May) and decrease be-
low 1 km during the autumn months (September–October)
(Fig. 6c). These discrepancies are probably due to several
factors such as horizontal resolution, instrument noise and
probably tidal variability. Morel et al. (2002) studied the

Figure 6. Mean monthly difference and standard deviation of
(a) amplitude, (b) thickness and (c) base of the inversion between
lidar and nearest SABER coincidences (dashed line) and whole
SABER observations (solid line) over Mauna Loa during 2002–
2014 (blue line) and over Réunion during 2002–2009 (red line).

tidal perturbations in the temperature profile measured by
the Rayleigh lidar at Réunion. Based on a limited dataset
(2–3 weeks during November 1995), they found the pres-
ence of a tidal component with downward phase propaga-
tion, specifically a warmer early night and a colder mid-
night in the stratosphere and the lower mesosphere. Com-
parison between SABER and lidar observations have also
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Figure 7. Mean monthly temperature profiles with (a, c) and without (b, d) inversion layer over Mauna Loa (a, b) and Réunion (c, d) during
1994–2014 and 1994–2009, respectively. The black line represents the mean base of the inversion layer.

been carried out by selecting coincidences in order to re-
duce spatial and time dispersion between SABER and li-
dar profiles. For a given lidar temperature profile, the clos-
est SABER profile in time and space is selected. Accord-
ing to these criteria, together with the previously criterion
mentioned in Sect. 2.2, 81 and 30 lidar–SABER coincident
temperature profiles were obtained at Mauna Loa and Réu-
nion, respectively, with a spatio-temporal dispersion of ±1◦

and ±4 h. The characteristics of these lidar–SABER coinci-
dences are given in Table 2. Figure 5 also shows the monthly
mean and standard deviations of the differences between li-
dar and SABER coincident profiles (dashed lines). It is there-
fore possible to observe a reduction in the discrepancies be-
tween lidar and SABER observations. On average, a reduc-
tion of 2 K, 0.5 km and 0.7 km in amplitude, thickness and
base of the temperature inversion, respectively, was obtained
(see Fig. 6). When spatial and time variability adjustments
are applied the discrepancies between lidar and SABER mea-
surements are clearly reduced. Given that the estimated tem-
perature error by SABER is between ±1.5 and ±2 K in the
15–80 km altitude range (Garcia-Comas et al., 2008), it can
therefore be concluded that the characteristics obtained from
lidar and SABER observations are in significant agreement.

5.3 Influence of the semi-annual oscillations

Figure 7 depicts the monthly mean temperature profiles with
and without inversion layers at Réunion and Mauna Loa as
recorded by lidar. On average, the temperature of the base
of the inversion layers at Réunion is 10 K warmer than that
observed at Mauna Loa (see Fig. 7a and c). Furthermore, the
temperature of the MIL base at Réunion is also found to be
warmer than over Cariri (7.5◦ S, 36.5◦W), Brazil. A study
by Fechine et al. (2008), which was conducted using SABER
observations, indicated that the temperature at the base of the
temperature inversion was approximately 205 K. Over both
sites, it can be seen that the inversion layer does not necessar-
ily occur with an accompanied cooling in the lower part (see
Fig. 7a and c). At Réunion, the temperature lapse rate near
the base of the inversion on February is 10 K km−1, whereas
on June the lapse rate is −5 K km−1.

Giving a detailed explanation of intra- and inter-annual
variability of MILs is not an easy task because their forma-
tion mechanisms are still not well understood. It is widely
accepted that the interaction between gravity waves and the
mean flow is involved in the creation of these inversion lay-
ers. The breaking of gravity waves will therefore contribute
a heating effect (which may be small) at the inversion loca-
tions. Given that MILs at Mauna Loa and Réunion are driven
by a clear semi-annual cycle (see Figs. 2 and 4) and that tem-
perature is characterized by a semi-annual oscillation across
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Table 2. Characteristics of SABER–lidar comparisons. No temperature profiles were recorded at Réunion during 2007 because of technical
problems with the Rayleigh lidar system.

Site Number of Average Average Period
comparisons spatial separation time separation

(◦) (hours)

Mauna Loa 81 1 1–4 2002–2014
Réunion 30 1 1–4 2002–2006

2008–2009

the tropical region (Clancy et al., 1994; Ray et al., 1994;
Xu et al., 2007; Ratnam et al., 2008), the possibility can-
not be excluded that the formation of MILs at these sites
could be induced by semi-annual oscillations in the meso-
spheric mean temperature. Based on SABER observations,
Xu et al. (2007) suggested that the lower MILs over the equa-
torial region were induced by semi-annual oscillations in the
mesospheric temperature. Gan et al. (2012) based their anal-
ysis on SABER observations and also suggested that MILs
have semi-annual oscillations, which yield a temperature en-
hancement of more than 12 K over the Equator.

Figure 8 shows the normalized frequency spectrum of
monthly temperature profiles recorded by lidar in the altitude
range 60–90 km at Mauna Loa and Réunion. For both sites
the principal peaks correspond to a quasi-semi-annual com-
ponent with a frequency ranging from 0.15 to 0.17 month−1

(i.e. 5.8–6.6-month period), particularly over Mauna Loa.
A very similar spectral decomposition is obtained for Réu-
nion, namely the principal peak is centred at a frequency
f = 0.17 month−1. This corresponds to an oscillation with
a period of approximately 5.8 months and could be associ-
ated with the semi-annual cycle (Fig. 8b). In addition, both
spectrums obtained for Réunion and Mauna Loa reveal a sec-
ond peak at about 0.08–0.10 month−1 (corresponding to a pe-
riod of 10–12 months). This can be associated with seasonal
annual forcing. It should be noted that the altitude range of
these two oscillations is different at the two sites. The an-
nual oscillation is observed at an altitude between 62 and
90 km at Réunion, whereas it appears between 60 and 75 km
at Mauna Loa. A significant observation is also that the mag-
nitude of the semi-annual oscillations varies with height (see
Fig. 8). For both sites, the peak in magnitude (normalized
value greater or equal to 0.8) appears at 74 and 84 km, which
corresponds to the altitude range of the temperature inver-
sion zone. In contrast to Réunion, a peak in magnitude of the
semi-annual and annual component is also found below the
temperature inversion zone at Mauna Loa.

Nevertheless, we cannot exclude the possibility of tidal
aliasing which could underestimate the semi-annual oscilla-
tion influence in lidar observations (Gan et al., 2012, 2014;
Xu et al., 2007). Leblanc and Hauchecorne (1997) reported
that some tidal residuals can affect the altitude and ampli-
tude of some temperature inversions. In order to reduce the

Figure 8. Normal frequency spectrum of the monthly mean temper-
ature profiles obtained from lidar observation over (a) Mauna Loa
and (b) Réunion. The black line indicates the temperature inversion
layer.

tidal perturbation in our analysis of the semi-annual influ-
ence, we created a 60-day averaged (as SABER takes 60 days
to complete a diurnal cycle over a given location) time se-
ries from the temperature profiles SABER observed within
±5◦ in latitudinal and longitude shift around the lidar sites,
i.e. Réunion and Mauna Loa. Figure 9 illustrates the normal-
ized frequency spectrum of the 60-day average of temper-
ature profiles between 60 and 90 km over the two sites. At
both sites, the two main detected peaks, respectively, corre-
spond to semi-annual oscillation (with a period of approx-
imately 5.8 months, f = 0.17 months−1) and annual os-
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Figure 9. Normalized frequency spectrum of the 60-day averaged
of temperature profile obtained from SABER observations during
the 2002–2014 period over (a) Mauna Loa and (b) Réunion.

cillation (with a period of the order of 11.1–12.5 months,
f = 0.08–0.09 months−1). The spectrum’s height variation
obtained from SABER clearly reveals a significant variation
in the magnitude of the semi-annual oscillation near to the al-
titude range of the temperature inversion (the altitude range
75–85 km). This connection between increase in the semi-
annual component close to the inversion zone is in agree-
ment with Gan et al. (2012). They showed a normalized fre-
quency spectrum of the 60-day averaged zonal mean tem-
perature observed at the Equator by SABER between 65
and 90 km. Their investigation showed that peaks of both
semi-annual and annual oscillations appear at approximately
75 and 85 km. Moreover, they demonstrated that the semi-
annual oscillation is the strongest between 75 and 85 km,
with a maximum magnitude of 7 K. We note that this altitude
range of the maximum magnitude of the semi-annual oscil-
lation is found to be in agreement with the work presented
here (Fig. 9). Moreover, based on SABER observations dur-
ing the 2002–2006 period, Xu et al. (2007) showed that the
amplitude of the semi-annual oscillation is larger in compar-
ison with the annual mean temperature, which leads to MIL
formation in the zonal mean temperature around the Equator
at equinox. In an earlier investigation, Shepherd et al. (2004)

applied a Lomb–Scargle normalized periodogram to the tem-
perature measurements at all latitudes obtained by the WIND
Imaging Interferometer (WINDII) on board UARS. In their
study, they indicated that at the±20◦ latitude range the semi-
annual oscillations are the most dominant harmonics par-
ticularly between the altitudes of 77 and 86 km. More re-
cently, through the use of HALOE and SABER observa-
tions, Kishore Kumar et al. (2014) investigated the long-term
variations like annual, semi-annual and quasi-biennial os-
cillations in temperature profiles (in the altitude range 30–
80 km) over Réunion during the 1992–2011 period. They
also found semi-annual peak amplitude at around 75 km al-
titude over the Réunion site which is in agreement with the
present study (Fig. 9). Using SABER observations between
2002 and 2008, Dou et al. (2009) estimated that the ampli-
tude of the semi-annual oscillation in temperature profile in
the mesosphere region is ranging from 2 to 5 K at the lati-
tudes of Réunion and Mauna Loa sites.

It is well known that the dynamics in tropical regions
are governed by an interplay of the quasi-biennial oscilla-
tion which is dominant in the lower/middle stratosphere and
the semi-annual oscillation which is dominant in the up-
per stratosphere/lower mesosphere (Baldwin et al., 2001).
It is known from the modelling and satellite studies that
the quasi-biennial oscillation and the semi-annual oscillation
have their origin in the gravity waves mainly generated in
the troposphere (Mayr et al., 1999; Ern et al., 2015). The
results obtained in the present paper reveal a weak peak
in magnitude ranging from 0.03 to 0.04 month−1 (corre-
sponding to a period of 25–33 months), which could be as-
sociated with quasi-biennial oscillation (Figs. 8 and 9). At
both sites, this peak is associated with a normalized value
less than or equal to 0.1. This result is found to be in
agreement with Shepherd et al. (2004). Based on a Lomb–
Scargle normalized periodogram on the WINDII observa-
tions during the 1991–1997 period, they obtained for the
quasi-biennial oscillation a magnitude weaker than the mag-
nitude obtained for the semi-annual oscillation at the alti-
tude range of the temperature inversion zone. Through the
use of satellite observations over Réunion site, Kishore et
al. (2014) revealed that quasi-biennial oscillation amplitudes
at 26 and 30 months show smaller magnitude than semi-
annual oscillation in the mesosphere. There are a few stud-
ies showing the relationship between the mesospheric semi-
annual oscillation and the stratospheric quasi-biennial oscil-
lation (Burrage et al., 1996; Sridharan et al., 2007; Ratnam et
al., 2008; Kishore Kumar et al., 2014). In general, the mag-
nitude of the mesospheric semi-annual oscillation observed
between 72 and 78 km is strongly modulated by phase of
the stratospheric quasi-biennial oscillation. Based on meso-
spheric zonal wind observations from 1977 to 2006, Ratnam
et al. (2008) showed that the modulation is apparent in this
altitude range during the mesospheric semi-annual oscilla-
tion westward phase, which is considerably stronger when
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the stratospheric quasi-biennial oscillation winds are mainly
eastward.

6 Summary and conclusion

A statistical analysis of the characteristics of the MILs for
two tropical locations has been presented in this investiga-
tion. The analysis focused on Réunion (20.8◦ S, 55.5◦ E) and
Mauna Loa (19.5◦ N, 155.6◦W). These locations were se-
lected because of their symmetrical position with respect to
the Equator together with the availability of ground-based li-
dar data. This study employed 16 and 21 years of lidar obser-
vations recorded at Réunion and Mauna Loa, respectively, in
association with SABER observations. The occurrence rate
of MILs calculated from ground-based and satellite obser-
vations appears slightly higher at Réunion when compared
to Mauna Loa. The frequency of occurrence of MILs calcu-
lated from lidar observations is 10 and 9.3 % at Réunion and
Mauna Loa, respectively. Over Réunion, a peak in MIL oc-
currence is observed in January. This is 2 times higher when
compared to Mauna Loa observations. This peak in MIL oc-
currence could be linked to the presence of tropical cyclones,
which are known to be the source of low-frequency con-
vective gravity waves over the SWIO. Analysis of the PDFs
shows that the characteristics (amplitude, thickness, base) of
MILs are distributed following a normal law. At both sites,
the temperature inversion zone is found on average to be in
the altitude range 75 to 86 km with a maximum amplitude
exceeding 30 K. Furthermore, the results obtained from lidar
and SABER observations are in fairly good agreement. The
results presented in this study compare reasonably well to
previous studies carried out in tropical regions. When com-
pared with Réunion, the temperature of the base of MILs is
on average 10 K weaker at Mauna Loa. The MILs at Réu-
nion appear on average thinner (∼ 1 km), lower (∼ 1 km) and
with a higher amplitude (∼ 2 K) than Mauna Loa. The confi-
dence intervals of the mean calculated at 95 % reveal that the
differences between these two sites are statistically signifi-
cant. Although the differences are statistically significant, it
can be seen that the mean thickness and base values are still
relatively close.

The frequency of occurrence and the characteristics of
the MILs at both sites evolve in time following a semi-
annual cycle with maximum and minimum observed near
the equinoxes and solstices, respectively. The presence of a
semi-annual cycle on the characteristics of the MILs is found
to be in agreement with previous studies using satellites ob-
servations over tropical locations. In this investigation, fre-
quency spectrum analysis of temperature profiles from lidar
and SABER reveals the presence of significant semi-annual
oscillation, where the maximum magnitude coincides with
the height range of the temperature inversion zone. These re-
sults suggest a contribution of the semi-annual oscillation to
the formation of MILs at the two tropical sites. Moreover,

this contribution could be modulated by the stratospheric
quasi-biennial oscillation mainly during its eastward phase.
Given that the semi-annual oscillation could contribute ap-
proximately 30 % to the maximum amplitude of MILs over
the Equator (Gan et al., 2012), we cannot exclude the possi-
bility of a generation mechanism based on a coupling of the
semi-annual oscillation and other processes, such as chem-
ical heating and wave breaking. The contribution of semi-
annual oscillations and the role of other contributing factors
affecting the formation mechanism of MILs at these tropical
sites therefore require further investigation and will form the
basis for a forthcoming study.
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