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Abstract Atmospheric tides propagating upward into the mesosphere-lower thermosphere region
carry the variability from the lower atmosphere and influence the energy and momentum budgets of this
region and above. A comprehensive understanding of these variabilities thus becomes important. In this
work, we study the seasonal and interannual variabilities of the diurnal tides, in particular, the migrating DW1
(westward, wave number 1) tide and the nonmigrating DE3 (eastward, wave number 3) tide from two
different platforms. Long-term observations from the MF radar at Tirunelveli (8.7°N, 77.8°E) constitute
one data set. Temperature and wind data from Sounding of the Atmosphere using Broadband Emission
Radiometry and TIMED Doppler Interferometer observations from the TIMED satellite mission constitute the
other. Continuous radar observations yield long data records with high temporal resolution. Space-based
observations, on the other hand, are relatively short but provide spatiotemporal information, the latter being
useful in separating migrating and nonmigrating components. In this work, the consistency between the
tidal signatures obtained from the ground- and space-based platforms is examined and subtle differences
between the two data sets are brought out. One particular feature pertains to a possible solar cycle influence
on the diurnal tide, a feature which is more prominently seen in radar observations, though restricted to
a certain epoch of the solar cycle. A solar cycle dependence of the zonal mean densities observed in satellite
data sets at similar altitudes appears to be a plausible source for the observed solar cycle signature in the
diurnal tide, although the role of other agencies in modulating the diurnal tide activity in the solar cycle time
periods cannot be ruled out.

1. Introduction

Tides are the most prominent features in the mesosphere-lower thermosphere (MLT) region. These are
global-scale oscillations in various atmospheric parameters such as temperature, wind, neutral density, and
pressure. These oscillations have time periods which are integral fractions of the length of a solar or a lunar
day. While most work was focused on diurnal (24 h) and semidiurnal (12 h) tides, and their sources are
reasonably well understood, higher-frequency tides have also been observed. Nonlinear interaction between
diurnal, semidiurnal, and terdiurnal tides are known to generate tides of higher frequency.

Atmospheric tides can be generated thermally (solar tides) and gravitationally (lunar tides), with thermally
generated tides having much larger amplitude than the gravitational tides. Solar tides can be broadly classi-
fied into migrating and nonmigrating tides. Migrating tides are generated by solar heating and follow the
apparent motion of the Sun. Major sources of migrating tides are the absorption of IR radiation by water
vapor in the troposphere and the UV radiation by ozone in the stratosphere. Migrating tides can also be gen-
erated in the thermosphere through absorption of UV/EUV radiation by oxygen atoms andmolecules [Forbes,
1995]. Nonmigrating tides are generated by longitudinally varying sources, for example, the longitudinally
varying tropospheric latent heat release due to land-sea contrast and sea surface temperatures [Hagan
and Forbes, 2002, 2003]. Nonlinear interaction betweenmigrating tides and stationary planetary waves is also
known to be a source of nonmigrating tides [Hagan and Roble, 2001; Mayr et al., 2005].

Tides excited in the lower atmosphere propagate to the upper atmosphere with amplitudes exponentially
increasing with altitude. Within the MLT region, with their large amplitudes, tides can lead to much larger
variation in winds, temperature, density, and many other parameters, thus dominating the meteorology of
the MLT region (80–160 km) [Forbes et al., 2008]. Most of the tides carrying their energy and momentum
upward attain their largest amplitudes between 100 and 120 km before they undergo damping due to mole-
cular diffusion. At these altitudes, they deposit the energy and momentum they carry from the lower
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atmosphere. With their large vertical wavelengths, tides thus provide an efficient mechanism for the vertical
coupling of the atmosphere. Further, some of the vertically propagating tides communicate the variability of
the lower and middle atmosphere to the upper atmosphere.

Tides are characterized by their latitudinal structure, longitudinal wave number, and periodicity. It has been
appreciated for a while that ground-based observations from one or a few sites cannot fully resolve the
latitudinal and longitudinal structure, although they have high temporal resolution, whereas satellites can
provide spatiotemporal information, but with limited temporal resolution. Further, radars have been in use
over a few decades at a number of sites across the globe thus offering relatively longer data sets.

As can be expected, any comparison of the MLT tidal signatures between the two data sets poses several
complexities. This is due to the different nature of the two observations, as the sampling volumes probed
by the two techniques are considerably different [Hasebe et al., 1997]. Ground-based observations may detect
many features that are of local nature (pseudo-tides, for example). It has been previously suggested that most
of the issues between the two data sets have been resolved to a large extent [Ward et al., 2010], but, as we will
see in the present work, considerable discrepancies between the two still exist, especially, when longer
duration data sets are used.

One typical limitation of single-station ground-based-observations is their inability to distinguish nonmigrat-
ing components from the migrating tides. As noted above, ground-based observations provide only the
temporal information and no spatial information. For example, the zonal wave number of a given tide cannot
be ascertained from single-site observations. What is observed on the ground is, in fact, a superposition of all
tidal components, migrating and nonmigrating included, having the same periodicity but different spatial
structures (zonal wave number). Such a drawback of ground-based observations limits their usability in inves-
tigating long-term variabilities of various tidal components, as the sources of variability could be different for
migrating and nonmigrating tides.

Advent of satellite-based techniques had facilitated the diagnostics of tidal signatures observed by ground-
based instruments. A precessing satellite, for example, can observe and resolve both nonsynchronized (non-
migrating) and synchronized (migrating) tides over a given time window. The spatiotemporal nature of
satellite-based observations thus allows us to delineate migrating and nonmigrating components.

A systematic and an extensive comparison between these two types of observations was carried out during
the Climate And Weather of Sun-Earth System (CAWSES) program [Ward et al., 2010], albeit for a limited per-
iod, wherein tidal signatures sampled by ground-based observations were compared with those derived
from a superposition of various tidal components retrieved from the satellite observations. There have been
few other such reports as well [Kishore Kumar et al., 2014; John et al., 2011; Hasebe et al., 1997]. However, no
study has been carried out to examine the agreement or disagreement between the two sets of tidal obser-
vations in longer time scales.

Previously, there have been a few studies showing the disagreement between the tidal signatures derived
from ground stations at different longitudes [e.g., Gurubaran et al., 2009]. In this context, it was suggested
that most of the longitudinal variability arises because of the nonmigrating tidal components and changes
in the background atmosphere [Chang et al., 2012]. Certain other differences have been attributed to window
sizes [Kishore Kumar et al., 2014] used for extracting tides and individual vertical resolution of the instruments
[Ward et al., 2010].

In this paper, we analyze the diurnal tide signatures observed by a ground-based station and the differences
that show up when these observations are compared with tidal fields derived from the satellite observations.
For this purpose, we have used the data obtained by the MF radar operating from Tirunelveli (8.7°N, 77.8°E),
India, for the period of 1993–2011. For delineating global tides, we use observations obtained from
the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) and TIMED Doppler
Interferometer (TIDI) instruments on board the Thermosphere Ionosphere Mesosphere Energetics and
Dynamics (TIMED) satellite as described in section 2. The wave number spectra for the diurnal temperatures
and winds from SABER and TIDI instruments are presented in section 3. The focus in section 4 is on delineat-
ing the seasonal and long-term climatology of DW1 and DE3 tides in temperatures and winds. In section 5
we present an interesting finding linking the long-term variability of diurnal tide in radar observations with
the satellite derived zonal mean density fields. Smaller densities during solar minimum years of 2007, 2008,
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and 2009 when the tides were stronger and larger densities during the solar maximum years of 1999, 2000,
and 2001 when the tides were weaker imply a solar cycle influence on tidal winds. In section 6, we
reconstruct the tidal fields from SABER/TIDI observations for the low-latitude ground-based radar site,
Tirunelveli. Individual tidal signatures thus obtained are then compared with the radar observations
over selected altitudes. Although there is an overall agreement between the tidal signatures obtained from
the two data sets, the differences are significant, especially in the zonal wind. In section 7 we present a
discussion of the results in the context of our current understanding of dominant migrating and nonmi-
grating tides at low latitudes. We focus on certain peculiarities of the observed features that were not
reported earlier.

2. Data and Methodology

Three different data sets have been used in this study, namely, the hourly wind data from the MF radar, the
temperature measurements from SABER, and the neutral wind measurements from TIDI. The MF radar at
Tirunelveli has been operating since 1993 (see Rajaram and Gurubaran [1998] for experimental details and
the analysis procedure adopted for the determination of winds). The observed data for the zonal and meri-
dional winds are averaged into hourly values. There are a few major gaps in the radar data during 2009
and 2010, as the radar was not operational then.

For temperatures, SABER v2.0 data from http://saber.gats-inc.com/data.php are used. Version 2.0 includes
many improvements over the previous version 1.7, as mentioned at http://saber.gats-inc.com/data_v2.php.
SABER is a 10-channel radiometer scanning the atmosphere from 1.27μm to 17μm. SABER measurements
extend over 20–120 km in altitude and 82°N–53°S (alternate hemispheres coverage with yaw cycle) in
latitude. The present analysis is restricted to 40°N to 40°S latitude because of the uneven coverage at high
latitudes. Data validations and relative errors can be found in Garcia- Comas et al. [2008] and Riggin and
Lieberman [2013]. The errors in temperature are ~3 K or less below 105 km. The present analysis is restricted
to 105 km as uncertainties are much larger for higher altitudes.

For global winds, TIDI level 3 vector winds are used, which can be accessed at ftp://tidi.engin.umich.edu/tidi/
vector/. TIDI is a limb-scanning Fabry-Perot interferometer and is used to observe the emissions from OI
(557.7 nm, 630.0 nm, and 844.6 nm), OII (732 nm), O2 (762 nm and 861 nm), Na (589 nm), and OH (550 nm–

900 nm) lines yielding measurements of Doppler winds and temperature. TIDI initially had performance
issues because of ice deposition on telescopes and light leakage [Skinner et al., 2003]. These issues were
resolved to a great extent following two roll maneuvers of the spacecraft in 2003 and gradual sublimation
of ice over time. There has been considerable improvement in the data quality since then. Further, it may
be noted that we use TIDI data of Version 11, which was the outcome of an improved background removal
model utilized to minimize any further effect of light leak. The TIDI data validation was discussed in Killeen
et al. [2006]. The performance summary of the TIDI instrument can be found at http://tidi.engin.umich.edu/
whats_new/20040521_02/Scattering_trend_files/v3_document.htm.

The present study utilizes the SABER data for the period of 2002–2011, TIDI data for the period of 2004–2011,
and radar data for the period of 1993–2011. Least squares fitting is used to retrieve tidal signatures from these
data sets. With a precession of 3% per day, TIMED takes ~60 days to sample all local times withmeasurements
from both ascending and descending orbits. The window size used in this study is thus 60 days. For compara-
tive study, the same window size is used while analyzing the radar data.

While deriving tidal signatures from the radar data, least squares fits are applied to the 2month composite
means. This is done only for windows for which the composite mean has at least 18 out of 24 h available,
and each hour has a contribution from at least 10 days out of 60 days. Similarly, least squares fits are applied
to SABER temperatures and TIDI winds for each 2month window. The following equation is used to fit the
satellite data (temperatures/winds) for a given 2month window [Pancheva and Mukhtarov, 2011].

Θ t; λð Þ ¼ Θ0 þ Θr t þ
X4
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In the above equation, t is time (in UT hours) and λ is longitude in degrees. This equation includes traveling
and stationary planetary waves. The first and second terms account for the mean temperatures/winds and
temperature/wind trends, respectively. Trends (appearing in the second term) due to longer period oscilla-
tions like the semiannual oscillation (SAO), which is so prominent at low latitudes, can have an effect on
the estimates of tidal amplitudes, if not properly taken into account. The third, fourth, and fifth terms repre-
sent traveling planetary waves, stationary planetary waves, and tides, respectively. The two indices on the
double summation correspond to the time period and zonal wave number, respectively. In the above,
Tj=24, 17, 11, and 5.5 are planetary wave periods in days. As noted in Pancheva and Mukhtarov [2011], pla-
netary waves are well known to have periods near 5, 10, and 16 days. The spectral analysis performed by
these authors indicated the dominant periods to show up at 5.5 days, 11 days, and 17 days, respectively.
Further, the 24 day wave has been reported to be a regular feature observed in the stratosphere and meso-
sphere [Pancheva and Mukhtarov, 2011 and references therein].

In the above equation, s is the zonal wave number; negative (positive) wave number represents westward
(eastward) propagating waves. R is the residual emerging from the fitting process. The fifth term represents
tides and includes both semidiurnal and diurnal migrating and nonmigrating components up to wave
number 4 (both eastward and westward). The migrating and nonmigrating tides and stationary and traveling
planetary waves are all simultaneously fit to the data to avoid any aliasing.

The above equation is converted into a linear form and then solved as a system of linear equations. The
satellite data are divided into 10° latitude bins and 5 km altitude bins. For each bin and 60 day window, all
available (t,λ) pairs are extracted and fed to the above equation. We accept the fitted results only if there
are at least 500 such pairs for a given window and bin. Any data point greater than 3σ is considered as an
outlier and is removed. This window is then moved by 1 day, and the whole data period is then covered.
The same procedure is applied for analyzing the radar data, but here the fit equation is a function of time
only. We start with an initial 2month window and take the composite mean for each hour. Then, a least
squares fit is applied to this hourly data. This fit includes the diurnal, semidiurnal, and terdiurnal components.
The window is then moved by 1 day to obtain the daily signatures. Any window with significant data gaps is
skipped so as to avoid spurious results. The daily signatures retrieved are averaged for each month.

The tides extracted from the satellite observations are reconstructed for the location of the ground station,
Tirunelveli. We use the following expressions for the reconstruction:

a ¼
X
i

Ci * cos
2πsiλ
360

� �
� Si * sin

2πsiλ
360
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(2)
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i
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where Ci and Si are the coefficients of the cosine and sine terms of the linearized equations, respectively; si is
the zonal wave number; and λ is the longitude of the ground station. The amplitude, A, and phase, φ, of the
wave component to be deduced are calculated by using the above coefficients:

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p
(4)

φ ¼ 360
2π

tan�1
b
a

� �
(5)

3. Wave Number Spectra of the Diurnal Tide Over the 0–10° Latitude Grid

To examine the relative dominance of tidal components, the estimated amplitudes for various wave num-
bers (eastward and westward) are plotted on a wave number versus time (in terms of month) graph for
the two altitudes, 87.5 km and 97.5 km. The spectra include both migrating and nonmigrating components
up to wave number 4. This allows for selection of the dominant tidal components for reconstruction at
chosen altitudes.

Figure 1a shows the wave number spectrum of the diurnal tide in temperature over the equator at an altitude
of 87.5 km, as derived from SABER. It can be seen that DW1 (westward migrating component with wave num-
ber 1) is the major diurnal component at this altitude along with DE3 (eastward nonmigrating component
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with wave number 3) tide, which has relatively smaller amplitudes. DW1 attains a maximum amplitude of
more than 18 K, whereas DE3 amplitudes are less than 6 K. DW2 (westward nonmigrating component with
wave number 2) reveals amplitudes of the same order as those of DE3. These three waves should suffice
for the reconstruction of the resultant diurnal component at this altitude. There is a noticeable quasi-
biennial oscillation (QBO)-type variation in both DW1 and DE3, which will be discussed later.

The diurnal wave number spectrum at higher altitudes includes notable contribution from nonmigrating
components. Figure 1b shows the wave number spectrum for the diurnal temperature over the equator at
an altitude of 97.5 km. Contribution of DE3 is larger (~8–9 k) at this altitude when compared to that at
87.5 km, whereas DW2 reveals similar amplitudes as at 87.5, although DW1 is still the dominant tidal compo-
nent even at 97.5 km. As reported earlier, DE3 maximizes at 110 km with a peak amplitude of ~13 K (not
shown here) [e.g., Truskowski et al., 2014], whereas DW2 attains a maximum amplitude of ~5 K. Migrating
DW1 component can have amplitudes as large as ~20 K, especially during the eastward phase of the QBO.
The contributions from other nonmigrating components, namely, D0 (stationary tide), DE1 (eastward nonmi-
grating tide with wave number 1), and DE2 (eastward nonmigrating tide with wave number 2), can also be
noticed at higher altitudes, but with much smaller amplitudes (in the range of 1–3 K). There is a persistent
QBO-like feature seen in the dominant tidal components up to 2008, and thereafter, it seems to have been
shifted in phase. As we will see later in section 5, this feature is consistent with radar observations.

The wave number spectra of the diurnal winds as derived from TIDI shown in Figures 2a–2d are rather
interesting, as they reveal the dominance of tides appearing differently in the zonal and meridional wind
components. Themeridional component has little but intermittent contribution from the nonmigrating tides.
At 87.5 km, the diurnal tide in the meridional component is dominated by DW1 (Figure 2a). It reaches a max-
imum amplitude of more than 25m s�1, whereas other diurnal tide components have amplitudes of up to
~7m s�1, but their occurrences are highly intermittent. At 97.5 km, the contribution from the eastward

Figure 1. (a) Diurnal wave number spectrum for SABER temperatures at 87.5 km over equator. (b) Same as Figure 1a but for
the height of 97.5 km.
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propagating nonmigrating tides is significant, with DE3 showing amplitudes in excess of 30m s�1 (Figure 2d).
It may be noted that the first symmetric mode of DE3 tide has been recognized to be a diurnal Kelvin wave
with larger amplitudes in zonal wind [Forbes et al., 2003a]. Apart from DE3, the zonal standing waves (wave
number zero) also show notable contribution. The DW1 tide continues to dominate at higher altitudes
with amplitudes exceeding 40m s�1. Westward propagating nonmigrating tides are relatively smaller in
amplitudes in this altitude region. There is a consistent QBO-like feature noticed in the diurnal tide in the
meridional component at 97.5 km (Figure 2b).

A significant feature to take note of in Figure 2 is that in contrast to the meridional component, the zonal
component shows noticeable contribution from the nonmigrating tides even at 87.5 km (Figure 2c) and their
competing presence at 97.5 km (Figure 2d). At 87.5 km, the amplitude of DE3 is almost half that of DW1,
whereas at 97.5 km DE3 reveals larger amplitudes on many occasions. Further, the DE3 tide seems to exhibit
QBO-like behavior.

Also to be taken note of is the seasonal behavior of DW1 in the zonal component. Apart from the equinoctial
maxima in DW1 amplitudes, which is a known feature, there is an additional peak appearing during June–July
(see Figure 2c). Gurubaran and Rajaram [1999] first reported this additional peak in the zonal component
from the MF radar observations at Tirunelveli.

4. Seasonal and Long-Term Climatology of DW1 and DE3 in Temperatures
and Winds

In this section, we delineate the climatology of DW1 at 87.5 km and DE3 at 97.5 km as derived from SABER
(2002–2013) and TIDI (2004–2013) observations. In recent years several studies based on SABER observations
have presented the climatologies of diurnal tide in seasonal time scales [e.g., Zhang et al., 2006; Oberheide

Figure 2. (a) Diurnal wave number spectrum for the meridional wind at 87.5 km over equator obtained from TIDI
observations. (b) Same as Figure 2a but for the height of 97.5 km.(c) Diurnal wave number spectrum for the zonal wind
at 87.5 km over equator obtained from TIDI observations. (d) Same as Figure 2c but for the height of 97.5 km.
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et al., 2006; Mukhtarov et al., 2009; Sakazaki et al., 2012; Gan et al., 2014]. Here we present similar results from
SABER and also include results from TIDI observations to compare the seasonal variation of tidal components
from two different data sets.

It has been recognized that the seasonal and latitudinal behavior of tides is different in different parameters.
Hough modes can be used to derive the latitudinal structure of given tide in various parameters. Here we

Figure 3. (a) The climatological amplitude of DW1 obtained from SABER temperature observations at 87.5 km. (b) Same as
Figure 3a but for DE3 climatological amplitude at 97.5 km. (c) The climatological amplitude of DW1 in zonal wind at 87.5 km
from TIDI observations. (d) Same as Figure 3c but for DE3 climatological amplitude at 97.5 km. (e) The climatological
amplitude of DW1 in meridional wind at 87.5 km from TIDI observations. (f) Same as Figure 3e but for DE3 climatological
amplitude at 97.5 km.
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use actual observations to investigate the relation between DW1 and DE3 in temperature and wind in
terms of their seasonal variations. Climatological amplitudes derived from SABER and TIDI are used here.
The consistency of DE3 tides as observed by SABER and TIDI has been demonstrated earlier [Oberheide
and Forbes, 2008].

From here onward, the DW1 in temperature (T), zonal wind (U), and meridional wind (V) will be represented
by DW1(T), DW1(U), and DW1(V), respectively. A similar notation is used for nonmigrating components. For
the radar observations, the diurnal tide components corresponding to meridional and zonal winds will be
denoted by RDm and RDz, respectively, where m and z refer to meridional and zonal components, respec-
tively. D(x) denotes the reconstructed diurnal tide for the given location in parameter x (x can be U, V, or T).

It is very often noticed that the DW1 tide shows similar intraannual variability in T and V. However, their lati-
tudinal structure is different, with DW1(T) maximizing at equator and DW1(V) maximizing in the tropics (see
Figures 3a and 3e). Both DW1(T) and DW1(V) show an SAO-like behavior with maximum amplitudes detected
during equinoxes. Further, at 87.5 km, the amplitudes of DW1(V) (Figure 3e) are twice those of DW1(U)
(Figure 3c), although this difference does not seem to persist over the equator. The climatologies of
DW1(U), DW1(V), and DW1(T) from UARS were reported earlier by Svoboda et al. [2005]. In their results,
DW1(V) showed triannual variability in the Northern Hemisphere, but TIDI-derived DW1(V) climatology was
predominantly semiannual in both hemispheres. Similar discrepancy for DW1(U) was also noticed.

It is evident in Figures 3b and 3d that both DE3(T) and DE3(U) at 97.5 km show dominantly an annual oscil-
lation with maxima during August month. It may be noted that the amplitudes of DE3(U) are twice those
of DE3(V) (shown in Figure 3f), thus indicating the dominance of DE3 in the zonal wind at the equator. This
is expected as DE3 is known to be a diurnal Kelvin wave with a larger amplitude in zonal wind [Forbes
et al., 2003a].

We conclude from the above that the DW1 tidal response is stronger in meridional wind, whereas the DE3
tidal response is stronger in the zonal wind, although their relative contribution to the given wind compo-
nent changes with altitude, latitude, and season. It may be noted that DW1 is stronger at 87.5 km, whereas
DE3 is stronger at 97.5 km; DW1(U) and DW1(V) peak at tropical latitudes, whereas DE3 (U) peaks near the
equator. Further, DW1(T)-DW1(V) and DE3(T)-DE3(U) pairs have similar intraannual variability and can be used
for intercomparison. There have been similar reports on the seasonal behavior of DE3 from UARS [Forbes
et al., 2003b] and TIMED [Oberheide and Forbes, 2008] satellite observations.

5. Possible Solar Cycle Influence on Tides and the Background Atmosphere

Before we compare the diurnal tide from ground- and space-based observations, it is to be noted that there
is an apparent long-term trend in RDm amplitudes, with enhanced diurnal tide activity observed during the
solar minimum years of 2006–2009 and reduced tidal activity during the solar maximum years of 1999–
2003. To extract such a signature with a period roughly the same as that of a solar cycle, we use singular
spectrum analysis (see Ghil et al. [2002] for a useful reference). Here the estimated tidal amplitudes (RDm)
at 86 km for the entire duration of 1993–2011 are decomposed into the underlying trend and long-term
(of the period of several years) and short-term (of time scales less than a few years) variations. The first prin-
cipal component with the longest temporal scale of variability has a period very similar to that of the solar
cycle as can be seen in Figure 4 (red curve). The variable plotted therein is the first reconstructed compo-
nent (RC1) which is essentially a projection of the time embedded matrix of the first principal component
on its corresponding eigenvector, i.e., its empirical orthogonal function. Also shown in Figure 4 is the
monthly sunspot number for the years 1993–2011 (black curve). A clear out-of-phase relation between
the two is visible, especially from the year 1998 onward, indicating that there is indeed a solar cycle signa-
ture in the observed diurnal tide over Tirunelveli during this period. It can also be noticed that between 1993
and 1998 when the solar activity level decreased the tidal amplitude also decreased, which was opposite to
the response seen during the later years (i.e., during 2003–2008). The correlation coefficient for the two para-
meters for the entire period (1993–2011) was 0.64, whereas it was 0.89 when the analysis was restricted to
the period of 1998–2011.

We extend this analysis to SABER and TIDI observations as well. For this exercise, we use satellite data for the
period up to October 2016. The results for the first reconstructed component for TIDI meridional wind at
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90 km are plotted as blue curve in Figure 4. A weak solar cycle signature is evident in the TIDI diurnal tide
amplitude. Features like smaller amplitudes during the years 2002 and 2003 and larger amplitudes during
2009–2010 are consistent between the space- and ground-based observations. However, the variation in
TIDI amplitude after 2008 has been subdued. When SABER data sets were examined, we could only detect
a weak trend (not shown here).

For further analysis and comparison, we remove the largest scale of variability from the deduced diurnal
tide amplitudes from radar observations. In Figure 5 we show RDm and the detrended values. Although
both the curves agree well during 1993–1997 and 2010–2011, the differences are noticeable during the
intermediate years.

We next explore whether the long-period variation seen in diurnal tidal winds can be related to any solar
cycle related change in ambient densities. It may be recalled that other than temperatures, the SABER instru-
ment has been yielding useful data on global total density fields. At thermospheric altitudes, the background
densities are known to respond directly to solar activity and induce changes in thermospheric diurnal tide
amplitudes [Hedin et al., 1994; Liu et al., 2004; Lei et al., 2007; Wu et al., 2012]. In the present work we used
SABER densities at MLT altitudes and examined whether there were any long-term variation in densities.

Figure 5. RDm amplitudes (black curves) along with their detrended values (red curves) (long-term variation removed) for
the period of 1993–2011 (see text for details).

Figure 4. Comparison of the first reconstructed component of RDm at 90 km (red curve), the first reconstructed compo-
nent of the diurnal tide in meridional wind at 90 km from TIDI observations (blue curve), and the monthly sunspot
number for the period of 1993–2011 (black curve). See text for further details.
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The results reveal that the back-
ground neutral densities are larger
during the solar maximum years of
2002–2003 and smaller during the
solar minimum years of 2008–2009.
Figure 6 shows the percentage
change in zonal mean density from
the climatological mean, and in
Figure 7 we show the results for the
Tirunelveli latitude, wherein we also
plot the sunspot number. It is
observed that the change in densities
can be as large as 6–10% from clima-
tological mean even at 87.5 km.

6. Comparison of Diurnal Amplitudes Extracted From Radar Wind, SABER
Temperature, and TIDI Wind Observations

As pointed out earlier, a single ground-based station cannot resolve the zonal wave number of a tide. The
diurnal tide estimated from ground-based observations is indeed a superposition of all zonal wave numbers
[e.g., Du et al., 2007]. For comparing the results obtained from two different platforms (ground-/satellite-
based), we use satellite data sets and reconstruct the tidal field for the given longitude by superposing
various tidal components (zonal wave numbers) (see equations (2) to (5)). While doing so, we consider a
smaller grid dimension of +2.5° in latitude centered at the latitude of Tirunelveli.

Before we present the results, a few points regarding the sampling and local time issues typically associated
with such an exercise need to be mentioned. At the outset, we note that frequent gaps in hourly averaged
radar data do not permit us to use them for times corresponding to TIDI overpasses. In such an exercise, sev-
eral of the 60 day data segments (with all local times covered) get rejected due to insufficient number of
points among the radar observations (at least 18 out of 24 hourly slots are required to be filled for the fit
to be applied). Moreover, as discussed in Hasebe et al. [1997], Forbes et al. [2004], and elsewhere, the spatio-
temporal scales for the two techniques are distinctly different. For these reasons, any direct comparison of
tidal estimates based on “coincidence” measurements is thus less reliable.

On the other hand, it is worthwhile to assess to what extent those data collected from passes over the
Tirunelveli site are “global” and to what extent they are “local.” For this exercise, we performed 1-D fits (only

in time domain) to those overpass
data sets obtained from TIDI and
compared the resultant tidal ampli-
tudes with those reconstructed from
the 2-D fits described earlier. The
results for 90 km altitude are pre-
sented in Figures 8 and 9. It is remark-
able that the 1-D and the 2-D fits
agree quite well in both meridional
and zonal components. This indicates
that the TIDI overpass data, when
organized in 60 day segments, can
capture the global features of diurnal
tide in the seasonal and interannual
time scales. The greater differences
in the zonal component are possibly
due to the presence of smaller period
oscillations with high zonal wave
numbers which are not captured in
the 2-D fitting scenario.

Figure 6. Latitude-month plot of the percent deviation in zonal mean densi-
ties at 87.5 km obtained from SABER for the period of 2002–2013.

Figure 7. Percentage density anomaly (black curve) computed for Tirunelveli
latitude plotted with sunspot number for the period of 2002–2013
(red curve).
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Keeping in mind the dominant tidal components noticed in the wave number spectra of SABER and TIDI, only
DW1 is used to reconstruct the net tidal component (referred below as D(T)) from SABER at Tirunelveli long-
itudes. Figure 10 shows the comparison between RDm tide (black) and DW1 (T) (red) tides derived from
SABER for 87.5 km. The amplitudes for both the tidal estimates are plotted in their respective units. RDm
amplitudes (m s�1) are shown on the ordinate scale on the left hand side, while DW1(T) amplitudes are shown
on the ordinate scale on the right-hand side. It may be recalled that the longest temporal scale of variability in
RDm has already been removed (refer to Figure 5) and so what are plotted in Figure 10 are the residuals and
they are not to be treated as absolute amplitudes. It can be immediately noticed in Figure 10 that the RDm

Figure 8. Comparison for TIDI diurnal tide in meridional wind obtained from the 2-D fits (red curve) versus diurnal tide
estimates for meridional wind obtained from the satellite overpass data (1-D fits) (blue curve).

Figure 9. Same as Figure 8 but for zonal component.
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tide and the DW1(T) tide show a clear covariability with a correlation coefficient of ~0.7. It is important to note
that the correlation coefficient only marginally improves after the inclusion of DE3. Both RDm and DW1(T)
show consistency in terms of their SAO and QBO-like features.

Similar variations of RDm and DW1(T) tides in the seasonal and interannual time scales can be understood
by examining the diurnal wave spectrum obtained from SABER data. Looking at the results depicted in
Figure 1a, it is evident that this region is dominated by the DW1 tide, whereas DE3 starts dominating at
higher altitudes. The result is important in itself as it points out that a significant portion of tides at an
altitude of ~88 km observed by the ground-based radar can be attributed to DW1 tide, at least in the mer-
idional wind component.

For comparison with TIDI, we make use of the observations corresponding to 90 km. Again, only the major
tidal components are used for reconstruction of the satellite tidal wind field for the ground radar site.
Figure 11 shows the comparison of RDm (black curve) with DW1(V) (blue curve) and D(V) (DW1(V) +DE3(V))
(red curve)). We would like to caution the readers that the TIDI wind amplitudes are double the radar-derived
wind amplitudes. In this context, we may recall that the discrepancies in tidal amplitudes between the satel-
lite and radar observations are known to the scientific community [e.g., Khattatov et al., 1996; Forbes et al.,
2004]. In a recent review, the reasons for the underestimation of winds by MF/HF radar systems are well dis-
cussed [Reid, 2015].

Figure 10. RDm amplitudes (black curves) compared with DW1 tide from SABER observations (red curves).

Figure 11. RDm amplitudes (black curves) compared with TIDI results (for meridional wind) (blue curves for DW1 tide alone
and red curves for DW1 and DE3 tides superposed).
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In spite of the underestimation of winds by the radar, the agreement between RDm and DW1(V) in terms
of their variability is generally good with a correlation coefficient of 0.65. This is encouraging given the
long duration (a span of eight years) over which the comparison is being made. However, the correlation
is relatively smaller for TIDI and this is because of the discrepancy for the year 2005 wherein the TIDI
amplitudes differed considerably from the radar estimates. Note that SABER results show smaller ampli-
tudes during 2005.

As mentioned earlier, the zonal component is dominated by nonmigrating tides, and so we include all non-
migrating components while reconstructing the tidal field in the zonal direction for the ground site. Figure 12
shows the comparison between RDz (shown as black curves) and the reconstructed diurnal tide in zonal
wind. The red curve in the top two panels represents the reconstructed tide with all components included,
whereas the red curve in the bottom two panels includes all components except DW1. The discrepancies
between the reconstructed and the radar observed tidal fields are reduced when DW1 is not included for
reconstruction. The correlation coefficients turned out to be 0.31 and 0.54, respectively, for the two cases.

Although the reports from the CAWSES tidal campaign had suggested that both radar and satellite derived
results depict the same tidal fields [Ward et al., 2010], considerable discrepancies are evident as reflected
in the correlation analysis presented above. It is possible that local tides are stronger in the zonal component
than in the meridional component, and therefore, the ground-based radars sense the signatures of local
tides in the zonal wind component to a greater extent than in the meridional wind component. In their
comparison study taken up with the Wind Imaging Interferometer and ground-based radar observations,
Portnyagin et al. [1999] found systematic biases for mean zonal winds. A few other studies pointed out

Figure 12. RDz amplitudes (black curves) compared with TIDI results (for zonal wind) (red curves) (all tidal components
superposed are shown in the top two panels, and all tidal components minus DW1 are shown in the bottom two panels).
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that there was a tendency for the meridional component to have a better agreement with satellite observa-
tions than the zonal component [Forbes et al., 2004]. Kishore Kumar et al. [2014] noticed a smaller correlation
for the diurnal tide in zonal wind than in the meridional component while comparing ground-based obser-
vations with the global-scale wave model simulations. We thus make a point here that the differences
between the zonal and meridional wind comparisons with satellite observations are not new to the scientific
community and the reasons for them are yet to be understood.

7. Discussion

Global-scale waves are characterized by both their temporal and spatial structures. A single ground station
will be unable to delineate the underlying components, as spatial information over the global scale cannot
be obtained from single-station observations. Satellite-based observations provide an optimum way out
for delineating global-scale waves, but at the cost of good temporal resolution. For meaningful scientific
returns from either of the experimental data, it is indeed desirable to check for any inconsistency between
the two sets of observations.

There have been studies dealing with the consistency between the tidal signatures derived from ground- and
satellite-based observations. The first observations from the UARS satellite revealed several discrepancies
between the tidal signatures measured on ground and those sampled by space-based observations [e.g.,
Khattatov et al., 1996]. The discrepancies reported were largely due to the limitations of individual instru-
ments and the measurement techniques adopted [Hasebe et al., 1997; Forbes et al., 2004]. Satellite observa-
tions generally have large sampling volume, and the wind fields are considered homogeneous in this
volume. This averages out the effects of any small-scale waves. On the other hand, smaller sampling volumes
of radars enable them to observe small-scale features like gravity waves. Further, within the MLT region,
radars might be detecting ionized structures moving in response to the ambient electric field at certain
heights (above 90 km, in particular), and therefore, the radars operating on this region might not be sampling
the true neutral winds of interest [e.g., Gurubaran and Rajaram, 2000].

Earlier consistency studies did not take into account the presence of nonmigrating tides, although they were
identified as a possible source of discrepancy then [Khattatov et al., 1996]. In a later study, Lu et al. [2011]
examined the consistency between the diurnal tides derived from the TIMED satellite and a ground-based
radar. Huang et al. [2006] investigated the consistency between TIDI and HRDI diurnal winds and tempera-
tures and reported certain discrepancies between the two data sets, especially in the zonal component. A
more focused study, though restricted to a limited duration, was carried out byWard et al. [2010]. The study
pertains to worldwide observational campaigns whose periods were restricted to 2month duration, and
therefore, this study did not take into account the seasonal variation. When additional tidal components were
incorporated in the reconstruction of tidal fields at the respective ground sites, the agreement between the
ground and satellite diurnal tide signatures turned out to be good.

There have been a number of other comparisons between radar and satellite data sets [e.g., Portnyagin et al.,
1999; Forbes et al., 2004; John et al., 2011; Killeen et al., 2006; Kishore Kumar et al., 2014; Guo and Lehmacher,
2009], but they were all short-term studies. We would like to point out here that there exist no previous
long-term consistency studies using space- and ground-based observations of diurnal tide in the MLT region.
The present study is unique in the sense that it utilizes nearly a decadelong simultaneous data for long-term
comparison of the data sets from low latitudes. In this work we consider both zonal and meridional wind
components unlike a few other studies that used either of the two. We summarize the results below.

The seasonal variability of the diurnal tide is different in different parameters. Within the MLT region and
in seasonal time scales, the migrating DW1 shows similar variability in temperature and meridional wind,
whereas the nonmigrating DE3 shows similar variability in temperature and zonal wind. Also, in general,
the amplitude of the DE3 signature in zonal wind is almost double than that of the meridional wind. The
DE3 tide is known to be the vertical extension of the zonal wave number 3 Kelvin wave with its characteristic
larger wind magnitude in the zonal direction [Forbes et al., 2003a]. On the other hand, DW1 signatures are
stronger in the meridional wind than in the zonal wind. Both DW1 in the zonal component and DE3 in
the meridional component show triannual variation. Although scattered reports are available on most of
these features [e.g., Talaat and Lieberman, 1999; Zhang et al., 2006; Oberheide et al., 2006; Mukhtarov et al.,
2009], the present work gathers in one place the observational findings of the seasonal and long-term
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variabilities of diurnal tide in temperatures and winds in the MLT region in a concise manner. For reasons
stated in the previous section, we chose to use space-time (or 2-D) least squares fitting of satellite data
instead of directly using overpass data representing “coincident” measurements.

In seasonal time scales, our results reveal that the meridional diurnal winds observed by the MF radar corre-
late well with the DW1 tide derived from SABER (refer to Figure 10). These are consistent in long term, with
both data sets revealing intraannual (SAO-like features with equinoctial maxima, for example) and interann-
ual (QBO-like features) variability. The correlation between the two is remarkable considering that these
are two different parameters measured by different techniques from different platforms. Also, radar and
TIDI winds for the meridional component agree reasonably well (refer to Figure 11). The comparison for
the TIDI zonal wind and RDz is not so encouraging, but the correlation improves when DW1 is removed from
the 2-D fitting (refer to Figure 12). We thus infer from the above that the long-term variability of the diurnal
tide in meridional wind between 85 and 90 km is primarily contributed by DW1, as nonmigrating tides are
relatively less strong in this wind component at those altitudes. Whereas, the diurnal tide in zonal wind is
seen to be influenced more by nonmigrating tidal features in the MLT region. It is also likely that the 2-D fit-
ting employed for TIDI data sets is not able to capture modes of oscillation of high zonal wave number which
the radar can “see.”

Khattatov et al. [1996] suggested different spatial resolution of the instruments and short-term variability as
the possible causes for the difference between the tidal signatures derived from the two data sets.Ward et al.
[2010] suggested that most of the discrepancies can be addressed by superposing the migrating and nonmi-
grating components from the satellite observations and comparing the reconstructed tidal field with the
ground observations. As we have seen in this work, there are still subtle differences in the tidal signatures,
especially when long-term data sets are analyzed.

Another aspect of the results presented in this study is the highly variable nature of nonmigrating tides. Some
tidal components or parts of their variability appear year after year while others do not appear over consecu-
tive years thereby exhibiting significant interannual variability. This is an important factor to be considered in
any study that addresses the vertical coupling of atmospheric regions, as this variability can be traced back to
the lower and middle atmosphere.

The reason for the differing behavior of the diurnal tide in zonal and meridional winds detected in ground
radar observations [e.g., Gurubaran et al., 2009] was not known earlier. In the present work we attribute part
of these differences to how different tidal components operate on the two wind components at different
times. Gurubaran and Rajaram [1999] also noticed an additional peak in zonal diurnal winds during the
month of June. As revealed in the present work, this additional peak seems to be contributed by zonal
DW1 tide, which is enhanced during these months.

In a recent study, Riggin and Lieberman [2013] compared zonal diurnal wind observed by an equatorial radar
with migrating diurnal temperatures observed by SABER. Their study brought out the discrepancy in the ver-
tical structure between the two. In the context of the results presented in this work, one can expect such a
discrepancy as we are looking at two different tidal patterns. It should be noted that at low latitudes DW1
is dominant in the meridional wind, whereas the zonal winds are influenced more by nonmigrating tides,
which could dominate the zonal component even at lower altitudes. In this context, the vertical structure
of the deduced tidal features in winds may not bear any resemblance to the vertical structure of diurnal
temperatures deduced from satellite observations. We therefore suggest that both vertical structure and
the temporal behavior of a tide might be different in different parameters. Thus, care must be taken while
comparing two different parameters in both altitude and temporal domains.

In agreement with the earlier results of Sridharan et al. [2010], tidal winds were shown to be stronger during
the solar minimum years of 2005–2009, whereas they were weaker during the solar maximum years of 1999–
2003. The diurnal tide amplitudes derived from radar observations were subjected to the singular spectrum
analysis. The first principal component with its longest temporal scale of variability was identified as having a
period similar to that of the solar cycle. When a similar analysis was carried out for TIDI observations, we
notice a somewhat subdued signature in the diurnal tide in the meridional wind field at 90 km (refer to
Figure 4). SABER data sets, however, reveal long-term variation in background parameters, namely, the zonal
mean temperature and density, over the height region of 85–90 km. In particular, our analysis of SABER data
sets reveals a distinct solar cycle signature in the MLT zonal mean density at these heights. The variation in
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density during a solar cycle period is ~6–10% over climatological means. The change in zonal mean tempera-
ture is, however, ~4% only.

Using a variety of data sets and adopting Hough Mode Extensions, Oberheide et al. [2009] studied the
long-term variability of DE3 tide from the MLT region to the ionosphere. Though restricted to the period of
2002–2007, their results revealed solar cycle effects on thermospheric parameters at altitudes above
120 km. Within the thermosphere, the density and winds are shown to be most sensitive, whereas the tem-
perature tide is less affected. No perceptible solar cycle dependence could be found in the MLT region,
although the authors emphasized on the need for extended data sets that would be required to correctly
decipher the solar cycle signature.

Zhu et al. [2015] examined the solar cycle influence on volume emission rates of nighttime green line emis-
sion and atomic oxygen abundances over the altitude region 92–104 km using a variety of data sets. Noting
that the solar cycle impact results in the increase of atomic oxygen abundance with altitude and in the
increase of total densities (from 5% at 92 km to 7% at 96 km in terms of percent variation) in SABER data sets,
the authors conclude that the variations in atomic oxygen abundances are probably driven by the total
density variations induced by atmospheric compression and expansion during the solar cycle.

Turning our attention toward the results presented in this work, the total density changes in SABER over the
period of the solar cycle (2002–2013) are real and going by the interpretation of Zhu et al. [2015], it is opined
that the atmospheric “breathing-in” and “breathing-out” process results in compressive and expansive effects
in the mesopause region leading to density enhancement and reduction as the solar cycle progresses. As
tides in the mesopause region are subject to damping by eddy diffusion, the ambient density changes can
have an indirect control on the variability of diurnal tide over the corresponding time scales. Model simula-
tions like those incorporating a suitable parameterization scheme for the eddy diffusion operating on longer
time scales are the need of the hour, and this would throw some light into the mechanisms responsible for
the variability of the diurnal tide over the solar cycle time period.

8. Conclusion

An important goal of the present work is to examine the consistency in the diurnal tide in the MLT region as
observed by ground-based radars and satellite-based instruments. As reported herein, DW1 is the dominant
tidal mode in SABER temperatures and in themeridional wind observed by bothMF radar and TIDI and is con-
sistent in all three data sets. On the other hand, notable differences exist in the tidal fields retrieved from the
TIDI zonal wind/SABER temperature observations and radar zonal wind measurements. Other than nonmi-
grating tides, nontidal or local influences seem to play an important role in determining the variability of
the diurnal tide in zonal wind observed by ground-based radars in all time scales.

Another feature reported in this work is the solar cycle influence of the diurnal tide as observed by the radar
at Tirunelveli, a feature not so prominently seen in the tidal amplitudes estimated from SABER temperature
and TIDI wind data sets. In this work, we notice a solar cycle variation evident in zonal mean ambient densities
at heights as low as 87.5 km in SABER observations. It is suggested that density changes caused by the atmo-
spheric expansion and compression induce changes in eddy diffusion giving rise to corresponding variation
in diurnal tide. There was one exception noticed while comparing the radar tidal amplitudes and the monthly
sunspot number. During the years 1993–1996 when the sunspot number decreased, the tidal amplitudes also
decreased indicating that the response of the diurnal tide to the solar cycle variation was poorer during this
period. This could imply that there are other agencies which might have taken part in influencing the long-
term diurnal tide variability.

Model simulations with a suitable parameterization scheme incorporating the effects of damping on the diur-
nal tide can throw some lights on the solar cycle influence on tides reported in this work. There is also a need
to consider any long-term variations of phenomena like QBO and El Niño–Southern Oscillation that could
modify the scenario of a simple linear response of the tides to solar variability.
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