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Abstract: The properties of the long-term oscillations in the middle atmosphere have been
investigated using the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER)
temperature data and Fabry–Perot interferometer (FPI) data. Results for SABER temperature show
that the semiannual oscillation (SAO) has three amplitude maxima at altitudes of 45, 75, and 85 km,
respectively, and shows prominent seasonal asymmetries there. The SAOs in the upper mesosphere
(75 km) are out of phase with those in the mesopause (85 km) in the tropical regions, which can
generate an enhancement of 11 K on average at each equinox, contributing to the lower mesospheric
inversion layer (MIL). It is shown that stronger enhancement can be found at the spring equinox than
at the autumn equinox. The triennial oscillation (TO) is significant in the tropical region. The spectral
peak of the TO is probably a sub-peak of the quasi-biennial oscillation (QBO) and is due to modulation
of QBO. In addition, there may be potential interaction of the TO with SAO at 85 km at the equator.
The relation between ENSO and TO has also been discussed. The ENSO signal may modulate the
amplitude of the TO, mainly in the lower stratosphere. The annual oscillation (AO) and SAO are
analyzed over Kelan by FPI data. Generally, the amplitudes of FPI wind are smaller than those of the
Horizontal Wind Model (HWM07). The comparison between FPI and TIMED Doppler Interferometer
(TIDI) winds shows relatively large discrepancy. This may be due to the tidal aliasing in the nighttime
results derived from the FPI data. Results also show that the algorithm to derive FPI temperature
needs improvements.
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1. Introduction

The middle atmosphere refers to altitudes between 20 and 100 km, mainly including the
stratosphere, the mesosphere, and the lower thermosphere. It is well known that the wind field
is intimately associated with the temperature field through the thermal wind balance, even in the
equatorial region. The long-term oscillations observed for both wind and temperature, such as annual,
semiannual, and quasi-biennial oscillations (AO, SAO, and QBO), are important features in this
dynamic region.

The AO of temperature and wind has been widely analyzed since the 1960s, and the climatological
feature was established many years ago [1,2]. The AO is prominent at high latitudes, with amplitudes
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being larger in the mesosphere than in the stratosphere, and the stratosphere oscillations are out of
phase with those in the mesosphere [3,4]. The stratospheric AO is generated primarily by solar heating,
while the mesospheric AO is believe to be generated by the filtering of gravity waves [5].

The SAO is an important oscillation, mainly at equator regions, and peaks at stratosphere and
mesosphere [3]. The forcing mechanism of SAO is helpful for understanding the various features in the
meridional structure and the seasonal march of the SAO. As the sun crosses the equator twice a year,
the SAO can be generated by momentum advection from summer to the winter hemisphere [6,7].
However, this process cannot reproduce the magnitude and structure of the stratospheric SAO
(SSAO) [8,9]. The wave–mean flow interaction is essential in the generation of the equator SAO.
The momentum advection mentioned above, along with westward traveling gravity waves [10] and
meridionally propagating planetary waves [11], are considered to contribute to the easterly acceleration
of wind of SSAO. The westerly wind phase is considered to be driven by fast Kelvin waves and
eastward traveling gravity waves with westerly momentum [12,13]. The studies of driving mechanism
of mesospheric SAO (MSAO) are inadequate compared to SSAO, due to the limited observations.
However, the MSAO is believed to be entirely wave-driven [14]. The gravity and Kelvin waves that
are selectively filtered by SSAO are thought to be important drivers for the MSAO, leading to the
out-of-phase feature of the MSAO with the SSAO [15,16].

The theory of wave–mean flow interactions can also account for the generation of QBO [17,18].
The QBO has peaks around the equator and shows secondary maxima at 20–40 degrees latitude in
each hemisphere, which is out of phase with the tropical signal [19].

The theories of long-term oscillations are based on observations from the past decades. There is
now a pressing need to know more precisely the temperature and wind structure of the middle
atmosphere, especially in the mesosphere and lower thermosphere (MLT). This is important for the
investigation of dynamic processes [13] and global climate change [20]. Furthermore, with more
accurate observations, the accuracy of numerical models can be verified and improved [21,22].
Thus, the amount of observational data in the middle atmosphere is increasing, owing to remarkable
improvements in the methods for both satellite- and ground-based measurements.

Satellites can provide global observations; however, most of them are limited to local time coverage
and vertical range (e.g., [3,23]). An exception is TIMED (Thermosphere, Ionosphere, Mesosphere
Energetics and Dynamics) satellite, which provides comprehensive observations of several atmospheric
parameters with good coverage, including both the altitude and local time [24,25]. The Sounding of the
Atmosphere using Broadband Emission Radiometry (SABER) instrument on TIMED has been making
observations since late January 2002. The precision of the data is also confirmed [26]. The period of
time covered by the data has now increased, with the SABER 2.0 dataset being more accurate than
the previous versions. This gives us the chance to study more precisely the structure of long-term
variations and the mesospheric inversion layer (MIL) in the MLT than previous studies. In addition,
we will discuss the morphologies and formations of the TO, which no previous work has done.

The ground-based observations of the middle atmosphere are confined to limited instruments
(e.g., Lidar radar [27], meteor radar [28], and sounding rockets [29]). Moreover, observations over
China are rare and precious. In 2011, a Fabry–Perot interferometer (FPI) was installed at Kelan (38.7◦ N,
111.6◦ E), China. It observes at a wavelength of OH 892.0, OI 557.7, and OI 630.0 nm to derive the wind
and temperature at 87, 97, and 250 km, respectively [30,31]. Note that the long-term variations of the
nighttime wind and temperature over Kelan at MLT have never been investigated before.

The main purpose of this paper is to study the properties of long-term variations by both the
satellite and FPI datasets. The organization of the rest of this paper is as follows. A detailed introduction
to the datasets and the analysis methods are provided in Section 2. In Section 3, Lomb–Scargle spectral
analysis is used to identify the significant variations in the middle atmosphere. In Section 4, the global
structure and the interannual variations of SAO are analyzed. Section 5 gives an analysis on the
relationship between MIL and SAO. Section 6 discusses the morphologies and origins of TO, and the
possible interaction with SAO of TO. Section 7 analyzes the nighttime AO and SAO using FPI data,
and Section 8 gives the conclusions of the paper.
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2. Data and Method

2.1. TIMED/SABER Temperature Data

The TIMED satellite is in a circular orbit at 625 km with an inclination of 74.1◦. The latitude
coverage of TIMED is from 52◦ N to 83◦ S or 52◦ S to 83◦ N, which means that the satellite can
always access the latitude range from 52◦ S to 52◦ N. As the orbit of TIMED proceeds slowly, there is
a procession of ~12 min in local time between two successive days. Over ~60 days, the satellite samples
a full 24 h of local time.

The SABER detector on the TIMED satellite is a limb observation instrument, with kinetic
temperature being derived from CO2 infrared limb radiance at tangent altitudes of 15–120 km. In the
mesosphere, the effects of non-local thermodynamic equilibrium (NLTE) must be considered in the
retrieval scheme [32,33].

In this paper, we use the SABER temperature product of Custom Level 2A, Version 2.0 from
January 2002 to February 2015. SABER temperature data are accurate at altitudes of 20–60 km [34].
The NLTE algorithm has been improved substantially in the upper mesosphere and lower
thermosphere (UMLT) in versions after 1.06 [26], describing well the characteristics of long-term
variations and tides.

Atmospheric variations can be decomposed into several components, including mean waves,
tides, and planetary waves [25,35]. In order to eliminate tides and planetary waves so as to obtain
more accurate estimates of the zonal mean temperature, a 60-day sliding window with a one-day step
is used to deal with the raw data [25]. Since 52◦ pole-ward observations only exist on alternate yaw
cycles, the central latitudes of this paper are extended from 50◦ S to 50◦ N, with a resolution of 5◦.
The vertical profiles are spaced from 20–120 km, with an interval of 1 km.

2.2. FPI Data

The FPI in Kelan observes at wavelength of OH 892.0, OI 557.7, and OI 630.0 nm to derive the
nighttime wind and temperature at 87, 97, and 250 km, respectively, and is designed almost the
same as the one in Xinglong (40.2◦ N, 117.4◦ E) [36]. More details of the mechanism can be found in
Yu et al. [30]. Here we use the data from July 2013 to November 2014, and focus on altitudes of 87 and
97 km in the middle atmosphere.

Prior to analysis, the valid data should be selected. The data quality control method is adopted
as the following steps: (1) the observed standard deviation is less than 30 m/s for wind and 10 K for
temperature at both 87 and 97 km; (2) the absolute wind speed is less than 150 m/s at 87 and 97 km,
while the temperature is limited to the range from 100 to 260 K at 87 km and from 150 to 350 K at
97 km; (3) the Grubbs criterion [37] is applied to the daily observations to eliminate outlying ones.

2.3. Analysis Methods

Lomb–Scargle spectral analysis [38] and wavelet analysis [39] can be used to identify the typical
oscillations in the middle atmosphere.

The least squares (LS) harmonic fitting method is useful in extracting periodic signals [40].
The main components of the oscillations can be fitted to the following approximation:

T(t) = A0 + A1 cos(ω0(t − tao)) + A2 cos(2ω0(t − tsao)) + Trendt + δt (1)

Equation (1) suggests that the mean temperature field can be decomposed into five parts.
For a given altitude and latitude, T(t) is the zonal mean temperature that varies with time, and A0 is
the average climatic state. ω0 = 2π/365 represents the circular frequency of the AO, while the circular
frequency of the SAO is 2 ω0. A1 and A2 are the amplitudes of the AO and SAO, and tao and tsao are the
phases. Trend is the long-term trend in the mean temperature, and δt is the residual error between the
fitting results and the observations. The nonlinear least squares fitting method is applied to determine
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the parameters of the equation. Using this method, the phase and amplitude of AO and SAO, and the
inter-annual variations are derived.

3. Lomb–Scargle Spectral Analysis

Using the method of Lomb–Scargle spectral analysis, several components are identified in the
TIMED/SABER temperature. Apart from AO, SAO, and QBO, longer oscillations also exist in the
middle atmosphere (e.g., triennial oscillation and the 11-year oscillation). In this section, three typical
altitudes are chosen: 25, 45, and 85 km. Figure 1 shows the Lomb–Scargle spectral analysis of the zonal
mean temperatures. The shaded areas denote a confidence level of 99%. The power value is defined as
PdB = 10log10(P/Pconfidence), where Pconfidence = 15.34 is the corresponding power value obtained for
a confidence level of 99%, and P is the power value of the Lomb–Scargle spectral analysis. Figure 1a
shows that the AO and QBO are prominent at 25 km. Note that the periodicity of the QBO in the
stratosphere is not fixed and is >2 years on average. Hence, the QBO has a period of 26 months in our
analysis, as found by Huang et al. (2006) [24]. It is also shown in Figure 1a that the QBO is the main
oscillation between 20◦ S and 20◦ N in the lower stratosphere, corresponding to the result given by
Huang et al. [24,41].
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Figure 1b,c show the structure of variations in the upper stratosphere and the mesopause,
respectively. The similar features are that the SAO dominates the equatorial regions while the AO
is prominent at mid-latitudes. An apparent difference is that the stronger 11-year oscillations exist
at 85 km, with a peak around 20◦ S, although they are weaker than the AOs and SAOs presented.
The 11-year oscillations are seen in the mesosphere and lower thermosphere (MLT) and become
stronger in the UMLT (figures not shown). Clemesha et al. [42] and Huang et al. [41] indicate that
the 11-year oscillations seen in the MLT are highly correlated with the varying ultraviolet flux of the
11-year solar cycle. The four-year oscillation can also be seen at 85 km, with a stronger peak in the
southern hemisphere.

It is obvious in Figure 1 that the AO and SAO are the most prominent zonal mean oscillations in
the middle atmosphere, and their morphologies are in agreement with previous studies (e.g., [3,4]).
In addition, the three-year oscillation signal, which is significant as well as the QBO and SAO, especially
at around 45 km over the equatorial region, has attracted our attention. This triennial oscillation (TO)
has been discovered in previous studies (e.g., [43]); however, no further work has focused on its
morphologies and origins.

Since the climatological overall features of AO were already established many years ago, we will
focus on the global structure of SAO and TO using SABER temperature data. Based on the known
latitude distributions of those oscillations, we will then study the properties of local variations over
Kelan by comparing the FPI data with those from model and TIMED satellite.

4. Semiannual Oscillation (SAO)

Presented in Figure 2a,b are the amplitude and phase of the SAO based on SABER temperatures.
It seems that the SAO amplitude is almost symmetrical with respect to the equator and has a maximum
at the equator. However, many former studies reported an asymmetric structure of SSAO with
a maximum around 10 degrees in the Southern Hemisphere using rocket observations [7,11,44,45].
Moreover, Garcia et al. [45] show that the SSAO was strongly influenced by a stronger cross-equatorial
advection of mean easterly winds from the Southern Hemisphere summer than that from the Northern
Hemisphere winter on a zonal mean basis. This asymmetry between the hemispheres could reflect the
meridional asymmetry of the SSAO amplitude in the zonal wind field. As mentioned before, zonal
mean winds are intimately connected with meridional temperature gradients through the thermal
wind balance. Thus, the asymmetric structure is expected to show in the temperature field. In order
to explain the discrepancy, we present in Figure 2c the detail structure of amplitude at stratosphere
around the equator. It is shown in Figure 2c that although the meridional structure of the temperature
SSAO amplitude seems to be fairly symmetric at a glance, there actually exists subtle asymmetricity
in the upper stratosphere. The maximum amplitude of the SSAO is observed around 45 km, so it is
appropriate to examine the meridional structure at 45 km, under the consideration of the thermal wind
balance. The vertical lines showing contour intervals are added to the figure in the equatorial region
of both hemispheres, which could show a discernable difference of contour intervals between the
hemispheres, i.e., narrower intervals in the equatorial Southern Hemisphere, especially in 5–15 degrees
of latitude. Because of a small Coriolis parameter in the equatorial region, such a small difference in
the temperature field could be magnified in the zonal wind field, which would make larger SSAO
amplitudes in zonal winds, leading to the asymmetric meridional structure of the zonal wind SSAO
amplitude with respect to the equator.
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Figure 2. Distribution of (a) the amplitude (K); (b) phase (months) and (c) the amplitude at stratosphere
around equator of SAO. Contour intervals are 0.5 K and 0.5 month.

In the tropical regions, the stratospheric SAO has a peak of >3 K in the 40–50 km layer.
The mesospheric SAO has two amplitude maxima: one >6 K at 75 km, and the other ~4.5 K at
85 km. After diminishing between 20◦–40◦, the amplitude increases again at latitudes pole-ward of 40◦.
It seems that the extratropical SAO is stronger in SH than in NH. The differences in phase progression
and amplitude distribution indicate that the mechanism of extratropical SAO is different from the
tropical SAO. The extratropical SAO is probably due to the occurrence of sudden warming events
and the enhancement of meridional circulation associated with strong wave forcing during winter
periods [7].

The time series of SABER temperatures from January 2002 to February 2015 at the altitudes where
the SAO is strongest is presented in Figure 3. There are seasonal asymmetries in SAO: the SAOs at
45 km and 85 km have larger maxima at spring equinoxes than those at autumn equinoxes, while
the SAO at 75 km has larger minima at spring equinoxes. This is similar to the results given by
Garia et al. [45] except at 85 km, where the SAO amplitude derived from SME (Solar Mesosphere
Explorer) satellite is considered to contaminate by the diurnal tide. The phases of the SAO in the upper
stratosphere (45–50 km) are around the equinox and are mostly in phase with those in the UMLT.
The phase reversal between 75 and 85 km is linked to the lower mesospheric inversion layers, as will
be discussed in detail in the next section.
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Figure 3. Time series of zonal mean temperature at the equator. (a) for 45 km; (b) for 75 km; (c) for 85 km.

We now consider the wavelet spectrum at the equator. Figure 4 shows that SAO is the dominant
oscillation at the equator. In addition, comparing with Figure 1, the TO can be seen to have been
a salient oscillation at 45 and 85 km throughout most of 2002–2015.
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Figure 4. The wavelet power spectrum and the global wavelet spectrum at the equator (a,b) for
45 km; (c,d) for 75 km; and (e,f) for 85 km. Note that the Morlet wavelet normalized by standard
deviation is used here. The thick-contour-enclosed regions are the places where there is greater than
95% confidence for a red-noise process with a lag-1 coefficient of 0.72. Transparent regions indicate
the ‘cone of influence’, where the edge effects become important, which means that anything in this
region is dubious. The global wavelet spectrum is on the right side of the wavelet power spectrum.
The dashed line is the 95% confidence level for the global wavelet spectrum.

The variations of SAO amplitudes and phases from 2002 to 2014 are shown in Figure 5. Figure 5a
shows that the amplitudes at 75 and 85 km have similar trends, with maximum amplitudes in
2002, 2005, and 2011; both exhibit a period of ~3 years. The SAO phase shows relatively weak
inter-annual variation.
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5. The Lower Mesospheric Inversion Layer (MIL)

The term mesospheric inversion layer (MIL) is defined from the fact that the lapse rate of the
temperature is positive at specific layers in the mesosphere. Studies have revealed that the MIL can be
divided into two sub-layers: the lower and the upper MILs at approximately 75 and 90 km, respectively
(e.g., [23,46]). The following discussion is concerned with the lower MIL.

In order to extract the lower MILs from the background temperature, we use a method analogous
to that of Gan et al. [47]. The 60-day averaged vertical temperature profiles are used to identify the
local maximum and minimum nodes at 65–85 km. The largest difference between successive such
nodes is then identified as the amplitude of the lower MIL. Note that the 60-day average temperature
data are used here to investigate the influence of background temperature to the MIL.

The temporal variation of the lower MIL amplitude is shown in Figure 6. The largest amplitudes
of the lower MIL occur in regions within 15◦ of the equator. The amplitude peaks are largest during
almost every equinox, and contain evident semi-annual cycles. Note that the peaks at the spring
equinox appear to be more robust than those at the autumn one.
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Figure 7 presents the variation of background zonal mean temperature at the equator.
The temperature increases during each spring and autumn equinox between 75 and 85 km.
This increase is synchronous with the existence of MIL amplitude maxima, indicating that the structure
of the mesospheric SAO may cause lower tropical MIL.
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The contribution of SAO to the MIL is analyzed quantitatively below. As shown in Section 4
that SAO is strong at both 75 and 85 km. These altitudes correspond to the bottom (75 km) and top
(85 km) of the lower MIL. Figure 8 shows that the amplitude reaches peaks at 75 and 85 km, and the
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respective phases are around both solstices and both equinoxes. The SAO phase changes rapidly
from 75 to 85 km. This feature may cause the temperature to increase between 75 and 85 km at each
equinox, resulting in a temperature inversion of ~11 K at the equator on average. The phenomenon
that stronger MIL amplitudes are at spring equinox than at autumn equinox can be explained by the
seasonal asymmetries at both 75 and 85 km described in Section 4. This is not pointed out in previous
studies (e.g., [25,47]).
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6. The Triennial Oscillation (TO)

As discussed in previous sections, the TO is also prominent in the mesosphere, especially in the
tropical region. As illustrated in the blue-lined box of Figure 9, the strong signal of TO can be seen in
most of the stratosphere and ~85 km in the mesosphere at the equator. It is well known that a period
of the QBO varies from 22 to 34 months with an average period of about 28 months [19]. The longer
wing of the variation, 34 months, is very close to the period of the TO. We first give an analysis of the
relationship between QBO and TO.
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The amplitude and phase of TO (36 months) and QBO (26 months) as a function of altitude and
latitude are extracted from the residual error in Equation (1). As can be seen in Figure 10, the amplitude
of the TO is no more than 2 K. In the tropical region, the TO has three amplitude maxima, two in the
stratosphere (35 km and 45 km) and one in the mesosphere (85 km). The amplitudes are ~1.2 K, ~0.8 K,
and ~1.2, K respectively. The phases at 45 km and 85 km are ~2nd month, while the phase at 35 km is
~14th month. Comparing Figure 10b,d, we find that the phase structure of TO shows a similar feature
to that of QBO, especially around the equator. Moreover, the amplitude of TO and QBO both show
maxima at the stratosphere (30–40 km) and upper mesosphere (~85 km) at the equator. Based on the
discussion above, we believe that the spectral peak of TO is probably a sub-peak of the QBO and is
due to modulation of the QBO.
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As mentioned in Section 4, three-year periodicities SAO are seen at 75 and 85 km over the equator
in Figure 5. Is it related to the TO detected in the background temperature? Figure 11 shows the
interannual variation of amplitudes of SAO and the variation of TO at 85 km at the equator. It seems
that the two time series are in phase and share the similar amplitudes. However, the three-year
periodicities in the SAO at 75 km over the equator are out of phase with the TO (figures not shown).
This suggests that there may be potential interaction of the TO with SAO, mainly at ~85 km at
the equator.



Atmosphere 2017, 8, 7 12 of 18
Atmosphere 2017, 8, 7  12 of 17 

 

 

Figure 11. Variations of the TO and the SAO amplitudes at 85 km at the equator. 

Several studies have revealed that the El Nino–Southern Oscillation (ENSO) can influence the 
tropical stratospheric temperature [48–50]. The ENSO variations can be characterized by the 
Multivariate ENSO Index (MEI) [51]. As seen in Figure 12, the MEI has a significant three-year 
oscillation from 2008 to 2014. So, is ENSO related to the TO in the middle atmosphere? The ENSO 
signals can influence the middle atmosphere by means of planetary wave. In the tropical region, the 
rhythmic warming and cooling signal of ENSO are usually accompanied by the opposite sign in the 
lower stratospheric zonal mean temperature [49]. However, this ENSO-related influence is not 
discernible above ~23 km at the equator [48,52], where the TO is significant. Above all, we believe 
that the ENSO signal may also modulate the amplitude of the TO, mainly in the lower stratosphere. 

 
Figure 12. Variation of the MEI and the corresponding wavelet power spectrum and global wavelet 
spectrum. (The Multivariate ENSO Index is dimensionless.) 

7. The Long-Term Variations Observed by FPI 

In this section, we will give an analysis of the long-term variations based on the FPI data from 
July 2013 to November 2014. Comparisons have been made between the FPI wind products and those 
from horizontal wind models and meteor radar, indicating that the FPI is a reliable instrument in the 

Figure 11. Variations of the TO and the SAO amplitudes at 85 km at the equator.

Several studies have revealed that the El Nino–Southern Oscillation (ENSO) can influence
the tropical stratospheric temperature [48–50]. The ENSO variations can be characterized by the
Multivariate ENSO Index (MEI) [51]. As seen in Figure 12, the MEI has a significant three-year
oscillation from 2008 to 2014. So, is ENSO related to the TO in the middle atmosphere? The ENSO
signals can influence the middle atmosphere by means of planetary wave. In the tropical region,
the rhythmic warming and cooling signal of ENSO are usually accompanied by the opposite sign in
the lower stratospheric zonal mean temperature [49]. However, this ENSO-related influence is not
discernible above ~23 km at the equator [48,52], where the TO is significant. Above all, we believe that
the ENSO signal may also modulate the amplitude of the TO, mainly in the lower stratosphere.
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7. The Long-Term Variations Observed by FPI

In this section, we will give an analysis of the long-term variations based on the FPI data from July
2013 to November 2014. Comparisons have been made between the FPI wind products and those from
horizontal wind models and meteor radar, indicating that the FPI is a reliable instrument in the wind
measurements [30,31]. Since our data are limited, we will mainly focus on the nighttime long-term
variations of AO and SAO.
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Note that the data from the Horizontal Wind Model (HWM07) [21], and TIMED Doppler
Interferometer (TIDI) product provided by NCAR version 0307A [53] are also used to assess the
results from FPI wind. The three-hour Ap index is applied in HWM07, and the data from TIDI is
processed similarly to that of SABER to derive 60-day zonal mean winds. It is the midnight winds
(00:00 LT ± 2 h) that are chosen to compare with those from HWM07, since there are more data at
midnight. The LS fitting is applied to obtain the amplitude and phase of AO and SAO. The results are
shown in Figure 13 and Table 1.
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TIMED/TIDI (yellow line). (a,b) for zonal and meridional winds at 87 km, and (c,d) for winds at 97 km.

Table 1. Amplitude and phase of AO and SAO for FPI, HWM07, and TIDI winds.

Altitude (km) Oscillation

Zonal Wind Meridional Wind

Amplitude (ms−1) Phase (DoY) Amplitude (ms−1) Phase (DoY)

FPI HWM TIDI FPI HWM TIDI FPI HWM TIDI FPI HWM TIDI

87
AO 6.9 13.7 8.6 358.1 359.1 282.6 17.4 26.4 13 339.4 359.1 342.3

SAO 12.1 23.9 5 179.2 181.4 159.1 1.1 2.2 6.8 107.4 180.6 59

97
AO 1.5 9.5 19.4 185.9 157 157.3 6.3 7.6 12.5 4.9 9.6 350.1

SAO 7.6 17.6 9.7 175.2 169.4 162.9 6.3 9.2 2.9 45.3 86.3 85.2

The monthly mean FPI zonal winds are consistent with those from HWM07 at 87 and 97 km,
and they both exhibit similar phase of AO and SAO. However, as indicated in Figure 13 and Table 1,
the amplitudes of zonal wind derived from HWM07 are generally larger than those from FPI. There
are different results in meridional winds. The FPI meridional winds are similar in amplitude to those
from HWM07, although the HWM07 results are a bit larger. Nevertheless, it is shown that the phases
of FPI lag marginally behind those of HWM07. The discrepancies between FPI and HWM07 winds
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may lie in the fact that (1) HWM07 has not included the ground-based measurements over China [21]
and the applicability of it over China remains a problem; and (2) the fact that airglow layer is relatively
thicker than the vertical wavelength of tides may induce weak amplitudes of FPI [54].

By comparing the nighttime winds from FPI and the zonal mean winds at the same latitude
(38.7◦ N) from TIDI, we find that the FPI and TIDI winds share similar AO and SAO phases in many
cases. Their amplitudes, however, are generally different. This could be due in part to the difference in
data sampling and data processing procedures, but even more importantly because of tidal aliasing.
The TIDI results are derived from 60-day zonal mean with removal of tides; however, the results of FPI
are derived from nighttime wind, which will be influenced by the strong tides in MLT region. The tidal
amplitudes may influence those of nighttime AO and SAO depending on the tidal phase [27].

Note that the FPI temperature over Kelan has never been evaluated before. In order to evaluate
its accuracy, the nighttime SABER temperature over Kelan is obtained in a box of 6◦ × 6◦ with respect
to the central latitude and altitude at 87 and 97 km. The results are presented in Figure 14 and Table 2.
It is shown that the difference between FPI and SABER is large at 97 km in both phase and amplitude.
At 87 km, their phases are similar; however, the amplitudes derived from FPI are nearly twice those
from SABER. Since the accuracy of nighttime SABER data has been confirmed by comparing several
ground-based measurements in the MLT region [26], we believe that the algorithm to derive FPI
temperature needs imporvements.
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Table 2. Amplitude and phase of AO and SAO for FPI and SABER temperatures.

Altitude (km) Oscillation

Temperature

Amplitude (K) Phase (DoY)

FPI SABER FPI SABER

87
AO 14.8 28.7 339.7 349.5

SAO 1.3 1.4 79.4 92.7

97
AO 17.6 0.7 272.1 334.2

SAO 6.2 4.6 62.7 162.5

8. Conclusions

Basing on SABER 2.0 temperature data from January 2002 to February 2015, and ground-based
FPI data from July 2013 to November 2014, we mainly studied the properties of long-term variations
in the middle atmosphere. The main conclusions are presented as below:
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The SAO can be discovered in both tropical and mid-latitude regions. The differences in phase
progression and amplitude distribution indicate that the mechanism of extratropical SAO is different
from the tropical SAO. The SAO in the tropical areas shows three amplitude maxima: one in the
stratosphere (45 km) and two in the mesosphere (75 and 85 km). The seasonal asymmetries are
prominent in SAO: the SAOs at 45 km and 85 km have larger maxima at spring equinoxes than those at
autumn equinoxes, while the SAO at 75 km has larger minima at spring equinoxes. A phase inversion
can be identified between 75 and 85 km. The amplitudes at both 75 and 85 km contain prominent
interannual variations that have similar trends, each exhibiting a period of ~3 years.

The SAO is closely associated with the lower MIL. The largest amplitudes of the lower MIL fall in
the regions within 15◦ of the equator. The amplitude peaks are largest during almost every equinox,
showing prominent semi-annual cycles. Note that the phase inversion between 75 and 85 km may
cause the 11-K enhancement in the background temperature on average, with stronger enhancement
at the spring equinox than at the autumn equinox. The difference between the two equinoxes can be
explained by the seasonal asymmetries at 75 and 85 km.

The TO is significant in tropical regions. There are three amplitude maxima of the TO at the
equator: two in the stratosphere (35 km and 45 km) and one in the mesosphere (85 km). Results show
that the TO has a close relationship with QBO. The spectral peak of TO is probably a sub-peak of the
QBO and is due to modulation of the QBO. The three-year periodicities in the SAO match well with the
TO at 85 km at equator, indicating a potential interaction of he TO with SAO there. The relationship
between ENSO and TO has also been discussed. Results are that the ENSO signal may modulate the
amplitude of the TO, mainly in the lower stratosphere.

The amplitude and phase of AO and SAO from FPI wind data have been compared with those
from HWM07 and TIDI. Generally, the results of FPI data consist well with HWM07, though amplitudes
are larger in HWM07, and the phases of FPI marginally lag behind those of HWM07 in meridional
winds. The comparison between FPI and TIDI winds shows a relatively large discrepancy. Since the
FPI results are for nighttime only, the strong tidal amplitudes in MLT may influence those of nighttime
AO and SAO depending on the tidal phase, which may lead to the discrepancy. The quality of FPI
temperature data is evaluated by comparing with those from SABER. Results show that the algorithm
to derive FPI temperature needs improvements.
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