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Abstract

With the launch of the TIMED satellite in December 2001, continuous temperature and wind data sets amenable to

MLT tidal analyses became available. The wind measuring instrument, the TIMED Doppler Interferometer (TIDI), is

operating since early 2002. Its day- and nighttime capability allows to derive tidal winds over a range of MLT altitudes.

This paper presents climatologies (June 2002–June 2005) of monthly mean amplitudes and phases for six nonmigrating

semidiurnal tidal components between 85 and 105 km altitude and between 451S and 451N latitude (westward propagating

wave numbers 4, 3, 1; the standing oscillation s0; and eastward propagating wave numbers 1, 2) in the zonal and

meridional wind directions.

Amplitude errors are 15–20% (accuracy) and 0.8m/s (precision). The phase error is 2 h. The TIDI analysis agrees well

with 1991–1994 UARS results at 95 km. During boreal winter, amplitudes of a single component can reach 10m/s at

latitudes equatorward of 451. Aggregate effects of nonmigrating tides can easily reach or exceed the amplitude of the

migrating tide. Comparisons with the global scale wave model (GSWM) and the thermosphere–ionosphere–meso-

sphere–electrodynamics general circulation model (TIME-GCM) are partly inconclusive but they suggest that wave–wave

interaction and latent heat release in the tropical troposphere both play an important role in forcing the semidiurnal

westward 1, westward 3, and standing components. Latent heat release is the leading source of the eastward propagating

components.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Atmospheric tides are global waves in tempera-
ture, winds, and density with periods that are
harmonics of a solar day. They propagate up and

away from their mostly tropospheric and strato-
spheric sources and transport energy and momen-
tum from the lower into the middle and upper
atmosphere. Hence, they are essential for under-
standing vertical coupling processes and for the
dynamics, chemistry, and energetics of Earth’s
atmosphere. Tidal wind oscillations in the meso-
sphere and lower thermosphere (MLT) region
dominate the meridional wind field and are on the
order of the time-averaged zonal wind. Air parcels
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may be transported some 1000 km in the horizontal
and some kilometers in the vertical direction with
simultaneous changes in the reaction rates of
chemically active species associated with the tem-
perature tides (Ward, 1999).

Tidal waves are grouped into two classes: (i) the
Sun-synchronous (migrating) tides and (ii) the non-
Sun-synchronous (nonmigrating) tides. Migrating
tides propagate westward with the apparent motion
of the Sun with a zonal wave number that equals
their frequency in cycles per day. They are primarily
driven by the absorption of solar infrared and
ultraviolet radiation in tropospheric water and
water vapor, and stratospheric ozone. Non-Sun-
synchronous (nonmigrating) tides are the tidal
components that do not follow the apparent
westward propagation of the Sun, that is, they
may propagate westward, eastward, or remain
standing with zonal wave numbers that do not
equal their frequencies (in cycles per day). Their
leading sources are latent heat release in the tropical
troposphere (Hagan and Forbes, 2002, 2003) and
the nonlinear interaction between planetary waves
and the migrating tide (Lieberman et al., 2004;
Forbes et al., 2003; Oberheide et al., 2002;
Hagan and Roble, 2001). Hence, nonmigrating
tides manifest the influence of large-scale weather
systems that cannot propagate through the tropo-
pause into the middle and upper atmosphere.
Recent ionospheric ultraviolet emission measure-
ments by FUV-IMAGE and GUVI/TIMED indi-
cate that the effects of nonmigrating tides extend
well into the F-layer via a longitude modulation of
the E-layer dynamo electric fields (Immel et al.,
2006).

Triggered by the growing appreciation of their
importance, nonmigrating tides have been the target
of increasing research activities by both experimen-
ters and modelers during the past few years. In this
work, only nonmigrating tides of semidiurnal
period are considered. For an overview of recent
diurnal analyses, see Oberheide et al. (2006) and
references therein.

Tidal and general circulation models have been
used to study semidiurnal nonmigrating tidal
sources and morphology (Ward et al., 2005; Mayr
et al., 2005; Hagan and Forbes, 2003; Grieger et al.,
2002; Yamashita et al., 2002). These simulations
gave an idea of the latent heat and planetary
wave–tidal interaction forcing mechanisms and the
spatio-temporal amplitude and phase distributions.
A quantitative assessment of the model predictions

and the underlying parameterizations, however, is
an open issue which is primarily due to the lack of
observation-based tidal definitions. The few obser-
vational results indicate that the present model
understanding is in fact more qualitative with
frequent discrepancies in both tidal magnitudes
and spatio-temporal distributions.

Nonmigrating semidiurnal tides have been ana-
lyzed from ground-based measurements in Antarc-
tica (Baumgaertner et al., 2006; Lau et al., 2006;
Hibbins et al., 2006; Murphy et al., 2003) thereby
extending the earlier results of Forbes et al. (1999),
at northern high latitudes (Wu et al., 2003) and at
northern mid-latitudes (Pancheva et al., 2002).
Climatological information about the global struc-
ture comes predominantly from satellite analyses.
Amplitudes and phases have been recently derived
from SABER and MLS temperature measurements
(Forbes and Wu, 2006; Forbes et al., 2006; Zhang et
al., 2006). Unfortunately, the analysis of nonmi-
grating semidiurnal tides in MLT winds has so far
been limited to 95 km altitude based upon measure-
ments from HRDI and WINDII onboard UARS
(Huang and Reber, 2004; Manson et al., 2004;
Cierpik et al., 2003; Angelats i Coll and Forbes,
2002).

With the launch of the TIMED satellite in
December 2001, continuous wind data from the
TIMED Doppler Interferometer (TIDI) instrument
(Killeen et al., 2006) became available. TIDI winds
are highly amenable to nonmigrating tidal analyses
over a range of MLT altitudes. They have already
been analyzed for nonmigrating diurnal tides in an
earlier paper (Oberheide et al., 2006). The present
work extends this analysis to the semidiurnal tides.
Climatologies (June 2002–June 2005) of monthly
mean amplitudes and phases are derived for six
semidiurnal tidal components between 85 and
105 km altitude and between 451S and 451N latitude
(westward propagating wave numbers 4, 3, 1; the
standing oscillation s0; and eastward propagating
wave numbers 1, 2) in the zonal and meridional
wind directions. The TIDI climatologies are com-
pared to HRDI and WINDII analyses from
Angelats i Coll and Forbes (2002) at 95 km
and to model simulations of the global scale
wave model (GSWM, Hagan and Forbes, 2003)
and the thermosphere–ionosphere–mesosphere–
electrodynamics general circulation model (TIME-
GCM, Roble and Ridley, 1994). This allows us to
assess the model prediction capabilities and to study
the tidal forcing mechanisms.

ARTICLE IN PRESS
J. Oberheide et al. / Journal of Atmospheric and Solar-Terrestrial Physics 69 (2007) 2203–22182204



Author's personal copy

The paper is organized as follows. The TIDI data
and the tidal analysis method are described in
Section 2, including error estimates. Tidal climatol-
ogies are presented in Section 3 and compared to
HRDI and WINDII analysis in Section 4. Model
comparisons and tidal forcing mechanisms are
discussed in Section 5. Concluding remarks are
given in Section 6.

2. Data and analysis

2.1. TIDI measurements

The instrument onboard the TIMED satellite
with the primary objective to measure winds in the
MLT region is TIDI. It was developed and built by
the University of Michigan. See Killeen et al. (2006)
for an overview and recent results. The present
nonmigrating tidal analysis covers the time period
from June 2002 to June 2005. TIDI is a limb scanner
that measures the daytime and nighttime neutral
winds by monitoring the Doppler shift of the
various upper atmosphere airglow layers. The four
TIDI telescopes are orthogonally orientated (451
with respect to the orbit) such that wind vectors on
both sides of the satellite track are measured (i.e.,
cold and warm sides). Because the viewing direc-
tions of the two telescopes on the same side of the
spacecraft are perpendicular to one another, the
same locations are observed with a time delay of a
few minutes when the satellite moves forward. Data
are taken from pole-to-pole with a vertical resolu-
tion of 2.5 km and an along track resolution of
about 800 km.

Warm and cold side neutral wind vectors, that is,
the zonal (eastward) and meridional (northward)
wind components are calculated from the line-of-
sight (LOS) winds measured in the two directions on
the same side of the spacecraft. Two different
schemes are employed by the University of Michi-
gan and the National Center for Atmospheric
Research (NCAR). See Killeen et al. (2006) for
details. Briefly, the University of Michigan scheme
linearly interpolates the samplings of each tele-
scopes to an evenly spaced track angle grid and
calculates the wind vectors at these grid points. The
NCAR scheme simply pairs sampling locations
from one telescope with the nearest neighbors from
the other. Pairs must be less than 500 km apart to
calculate wind vectors. The results of both schemes
do not differ much. TIDI data used here are O2

(0–0) band P9 wind vectors (level3, data versions

00_01 (2002), 01_01 to 01_03 (2003), 03_03 (2004),
03_04 (2005)) between 85 and 105 km altitude that
were produced by NCAR. They may be down-
loaded from http://timed.hao.ucar.edu/tidi/.

TIDI has continuously taken data with one larger
data gap in early 2003. The instrument operational
performance has been nominal except for two
anomalies that are now well understood: (1) higher
than expected background white light and (2) ice
deposition on cold surfaces. Instrumental modes
and data analysis techniques have been adjusted to
mitigate their effects on data quality (Killeen et al.,
2006). These efforts reduced the noise level of
individual wind profiles by 30%. They were
previously assumed to be 30m/s during the day
and double that during the night (Oberheide et al.,
2006).

For a given day and latitude, TIDI measures at
four different local solar times (LSTs) equatorward
of �60� and at two different LSTs poleward of
�60�. The TIMED orbit geometry results in a daily
LST variation of 12min toward earlier LST as time
progresses. Hence, LSTs of measurements taken on
the ascending (asc) and descending (dsc) parts of the
orbit can be considered to be longitude independent
for warm and cold side data, respectively. Complete
(24 h) LST coverage is obtained every 60 days which
corresponds to one satellite yaw cycle. The specifics
of TIDI, particularly its day- and nighttime
capability, make its wind data set unprecedented
in that it is amenable to global nonmigrating tidal
analysis over a range of MLT altitudes.

2.2. Data analysis

In the following, all semidiurnal tidal components
(propagation direction/wave number pairs) are
identified by using a letter/number combination
indicating both propagation direction (w: westward;
s: standing; e: eastward) and zonal wave number
sX0. For instance, w1 is the westward propagating
nonmigrating semidiurnal component of zonal
wave number 1, s0 is the zonally symmetric
(standing) oscillation, and e2 is the eastward
propagating component of zonal wave number 2.
With the same nomenclature, the migrating semi-
diurnal tide is w2.

The nonmigrating semidiurnal tides are derived
exactly as described by Oberheide et al. (2006) for
their diurnal counterparts. It is basically a two-
dimensional Fourier transform of a 60-day compo-
site data set that is performed in a running mean
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sense. Amplitudes and phases are assigned to the
day in the middle of each 60-day period. Hence,
nonmigrating tidal amplitudes and phases presented
here must be interpreted in a climatological sense.
Short-term tidal variability cannot be resolved. The
present analysis covers the time period June
2002–June 2005. Derived amplitudes and phases
are averaged into monthly bins to calculate the tidal
climatologies. The details of the analysis are not
repeated here, but two important specifics need to
be outlined: (1) potential zero wind line inconsis-
tencies in the TIDI warm and cold side data prevent
an analysis of the migrating (w2) tide because the
latter is observed as a zonally symmetric feature in
the satellite data (Oberheide et al., 2003) that has
been removed; (2) the inherent smoothing in the set-
up of the composite data requires a scaling of the
tidal amplitudes (phases are not affected).

The uncertainty in the scaling factors introduces a
considerable systematic amplitude error (accuracy).
Amplitude and phase precisions, on the other hand,
are governed by the measurement noise and the
asynoptic satellite sampling. The scaling factors and
errors are calculated in the same way as described in
detail by Oberheide et al. (2006) for the diurnal tides
using both model simulations and the measured
data. Amplitude accuracy for the semidiurnal tides
is 15–20%, amplitude precision is about 0.8m/s,
and phase precision is 2 h (Table 1). The given
values are almost independent of latitude and
altitude and apply to the tidal climatologies. Hence,
they do not reflect tidal variability from one year to
another. The use of 60-day composite data sig-
nificantly reduces the noise level of the tidal
amplitudes and phases, in spite of the large TIDI
noise error of an individual wind measurement. For
the present error estimate, we used individual wind
profile errors of 30m/s during the day and 60m/s

during the night. The expected net effect of the 30%
error reduction induced by the algorithm and
instrumental mode adjustments described by Kill-
een et al. (2006) and outlined in Section 2.1 is small
and unlikely to exceed 0.1m/s.

Fig. 1 shows an example for the scaled meridional
wind amplitudes at 95 km altitude for 15 February
2004 as a function of latitude and zonal wave
number. The amplitude of a single component (w3)
exceeds 12m/s. Note the difference to Fig. 1b in
Oberheide et al. (2006) where the unscaled ampli-
tudes were shown. Semidiurnal tidal analysis is
limited to the nonmigrating components w4, w3,
w1, s0, e1, and e2. Higher wave numbers require
very large scaling factors with increasing uncertain-
ties such that they are excluded.

3. Monthly climatologies

Figs. 2–4 show three examples for the derived
climatologies: the w4 zonal wind component (Fig. 2),
the w3 meridional wind component (Fig. 3), and the
w1 meridional wind component (Fig. 4). Amplitudes
are given in m/s and phases are given in universal time
(h) of maximum amplitude at 01 longitude. For space
reasons, it is impossible to include figures for all 12
components. Instead, amplitude time-series for all
components at selected altitudes are shown in
Section 5. Numerical amplitude and phase values
are available on the web (http://www.atmos.physik.
uni-wuppertal.de/cawses/nmt_mlt/).

The w4 zonal wind component (Fig. 2) maximizes
in boreal winter around 30–401 North and South.
The observed maximum amplitude at 105 km is on
the order of 10m/s but with the peak altitude in
most cases well above the upper boundary of
the analyzed height interval. Vertical wavelengths
during boreal winter are on the order of 40 km and

ARTICLE IN PRESS

Table 1

Semidiurnal amplitude and phase errors for the meridional (v) and zonal (u) wind

Component Scaling factor Amplitude accuracy Amplitude precision Phase precision

v u v (%) u (%) v (m/s) u (m/s) v (h) u (h)

w4 1.50 1.54 17 14 0.8 0.7 1.8 1.6

w3 1.27 1.25 19 17 0.8 0.7 2.0 2.0

w1 1.29 1.33 17 23 0.9 0.7 2.0 1.9

s0 1.51 1.54 13 18 0.8 0.6 2.0 2.0

e1 2.05 2.10 20 13 0.7 0.5 2.2 2.0

e2 3.22 3.10 13 17 0.8 0.6 2.3 1.7

For scaling factors see text.

J. Oberheide et al. / Journal of Atmospheric and Solar-Terrestrial Physics 69 (2007) 2203–22182206
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the phases decrease with increasing height. This is
consistent with upward wave propagation and thus
tidal forcing lower in the atmosphere. Between
October and March, the phases are symmetric
about the equator, that is, the tidal wind directions
in the Northern and Southern Hemispheres are the
same. During the remainder of the year, the phases
are more variable but because the corresponding
amplitudes are rather small (except for latitudes
poleward of 401S), it is difficult to decide whether
this variability is real or not.

The w3 meridional wind component (Fig. 3) has
maximum amplitudes of 8–10m/s at 105 km. Its
peak altitude is usually above the upper boundary
of the analyzed height interval. Largest amplitudes
are observed one month before spring and fall
equinoxes in March and September with maxima at
401 South and North. Boreal winter amplitudes are
still large with smaller values in boreal summer
(2–5m/s). An equatorial maximum persists during
the whole year. This three peak structure as function
of latitude is reflected in the phases that show rapid
transitions around 201 North and South where the
corresponding amplitudes minimize. The equatorial
wind direction is opposite to that at 401 such that
tidal up- or downwelling around 201 latitude is
likely, due to mass conservation. Again, the phase
decrease with height indicates a tidal forcing lower
in the atmosphere. Estimating the vertical wave-
length is difficult but it is usually on the order of
40 km or above.

The w1 meridional wind component (Fig. 4)
maximizes between September and April (up to
10m/s) with usually four peaks that are located at
or slightly poleward of 451 and at roughly 201.
In these cases, three phase jumps at the equator
and at 301 North and South occur. If only three
peaks are present (i.e., November–January above
95 km), the 201 maxima vanish and an equatorial
maximum is observed instead. The phase structure
changes accordingly. High latitude amplitudes
usually peak above 105 km and thus above the
upper limit of the analyzed height interval. Ampli-
tudes between May and August are smaller and
patchy. Phases decrease with height but the
analyzed height interval is too small to derive a
reliable vertical wavelength.

The large variability of the nonmigrating semi-
diurnal tides in Figs. 2–4 and of many of the
components not shown (see Section 5 for time-
series) makes their further analysis quite difficult.
This particularly applies to the months with small
amplitudes when the tidal structure is of course
more sensitive to external disturbances. Neverthe-
less, both the amplitudes and phases show in most
cases coherent structures within the error bars
(Section 2.2). This and the following comparison
with independent measurements may give addi-
tional confidence in the derived tidal fields.

4. Comparison with UARS

Angelats i Coll and Forbes (2002) provide w1 and
w3 meridional wind climatologies from HRDI and
WINDII data (in the following referred to as UARS
data). Although their analysis was limited to 95 km
altitude and did not include the zonal winds, it is
nevertheless an important data set to compare with.
The UARS data represent monthly averages of the
December 1991 through September 1994 period.
Hence, the TIDI comparison with UARS does not
meet the hard requirements of validation. The
measurements are almost 11 years apart in time.
This might be acceptable for climatologies that are
taken during the same phase of the solar cycle, but
there may or may not have been long-term changes
in the MLT region and in the lower atmospheric
sources. In addition, validation would also require
comparisons with data obtained using different
measuring techniques.

However, a TIDI/UARS comparison is certainly
helpful to verify the general consistency of both data

ARTICLE IN PRESS

Fig. 1. Amplitudes from TIDI composite data for the period 15

January 2004–18 March 2004 (later assigned to 15 February

2004) at 95 km for the meridional wind. The position of the

migrating component (that has not been analyzed) is indicated by

the thick vertical line.
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Fig. 2. Monthly mean semidiurnal amplitudes (m/s, top) and phases (Universal time of maximum at 01 longitude in hours, bottom) for the

w4 zonal wind component. Multiple phase contours adjacent to each other indicate the transition from 0 to 12 h. Contour intervals are

1m/s and 1 h, respectively.
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Fig. 3. As Fig. 2, but for the w3 meridional wind component.
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Fig. 4. As Fig. 3, but for the w1 meridional wind component.
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sets. A similar comparison for the diurnal tides
(Oberheide et al., 2006) yielded an excellent agree-
ment in the spatio-temporal structure at 95 km
although the UARS amplitudes were roughly 50%
smaller than those from TIDI. Fig. 5 shows the
amplitude comparison for the w3 component in
January, April, July, and October. TIDI and UARS
amplitudes range from almost 0 to 8m/s with a
similar latitudinal distribution in most cases. The
UARS minimum at 01 and the maximum at 301N in
January are not observed by TIDI but this is not of
much concern because the UARS amplitudes in
February (not shown) are very similar to the
January and February amplitudes from TIDI. It
may thus be related to the 11-year time lag between
both data sets. TIDI and UARS amplitudes in April
have three maxima that are located within about 101
latitude. The July comparison shows large
amplitudes poleward of 401S in both data sets, a
second maximum at low Northern latitudes and
another one poleward of 201N. Latitudes of
minimum amplitudes differ by 101 only. In
October, the UARS maximum in the Northern
Hemisphere is 201 poleward of the TIDI observa-
tion but the UARS and TIDI amplitudes behave
nevertheless similar: amplitudes increase poleward
and equatorward of 401S, and toward higher

Northern latitudes. Because the UARS error bars
are unknown, it is difficult to assess whether the
amplitude difference in the Northern Hemisphere is
significant or not.

The TIDI/UARS comparison for w1 (Fig. 6) is
even better. Both data sets show almost the same
latitudinal distribution in January, April, and
October. The comparison in July is less favorable
but becomes better in August (not shown). A more
quantitative assessment than discussing pattern
similarities is not meaningful here, owing to the
11-year time lag between the measurements. Con-
sidering that, the amplitude agreement between
TIDI and UARS is rather remarkable. Angelats i
Coll and Forbes (2002) established that the non-
linear interaction between the migrating tide and the
Quasi-Stationary Planetary Wave 1 (QSPW-1)
significantly contributes to the generation of the
w3 and w1 components observed in the 95 km
UARS data. Hence, the same process will likely be
of importance in forcing the tides observed in the
TIDI data. The relative importance of other
mechanisms, that is, the latent heat source, and
the height dependence of their imprints upon the
tidal fields in the MLT needs further consideration
and requires the comparison with models that
account for these sources.

ARTICLE IN PRESS

Fig. 5. The w3 meridional wind amplitudes from TIDI and UARS (Angelats i Coll and Forbes, 2002) at 95 km for equinox and solstice

conditions. TIDI error bars are from Table 1. UARS error bars are unknown.
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5. Model comparison and tidal forcing

A comparison of the TIDI climatologies to the
tidal predictions of the GSWM and the TIME-
GCM allows an interpretation of the observational
results in terms of forcing mechanisms (Table 2),
and, in addition, provides a general assessment of
their tidal prediction capabilities. Both the GSWM
and TIME-GCM data used in the following come
from the same model runs that were used for the
diurnal analyses of Oberheide et al. (2006). GSWM
is a climatological, linear tidal model that provides
monthly amplitudes and phases for 13 diurnal and
13 semidiurnal tidal components (w6 to e6). It does
not produce interannual variations and it does not
include nonlinear processes such as wave–wave

interaction. The only tidal source is latent heat
release in the tropical troposphere due to deep
convection (Hagan and Forbes, 2003).

The latent heat source is not included in TIME-
GCM. Nonmigrating semidiurnal tides in TIME-
GCM can only come from wave–wave interactions
and/or radiative forcing. Hence, both models
account for different tidal sources and may there-
fore provide insight into the relative importance of
the different forcing mechanisms. As for the
nonmigrating diurnal tides (Hagan and Roble,
2001), it is reasonable to assume that the nonmi-
grating semidiurnal TIME-GCM response is pri-
marily driven by the interaction between QSPW-1
and the migrating tide. Zonal asymmetries in ozone
and thus in UV absorption may also contribute but
they likely do not play a leading role in the model.
TIME-GCM was run for the years 2002 and 2003
with realistic solar and geomagnetic forcing. The
lower model boundary was specified by GSWM
migrating tides (radiative forcing only) and 10 hPa
temperature and geopotential data from NCEP.
Tidal amplitudes and phases are derived from the
daily model output (1 h time resolution) and finally
averaged into monthly bins.

Measured and modeled wind amplitudes are
now compared as a function of month and latitude
(Figs. 7–12). The shown altitudes differ from one

ARTICLE IN PRESS

Fig. 6. As Fig. 5, but for the w1 meridional component.

Table 2

Tidal forcing as derived from the observation/model comparison

Component Forcing

w4 Inconclusive; poor model agreement

w3 Latent heat and wave–wave interaction about

equally important

w1 -do-

s0 -do-

e1 Latent heat more important

e2 Latent heat alone

J. Oberheide et al. / Journal of Atmospheric and Solar-Terrestrial Physics 69 (2007) 2203–22182212
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Fig. 7. Latitude-time series of w4 amplitudes at 105 km. From top to bottom: TIDI, sum of GSWM and TIME-GCM, GSWM, TIME-

GCM. (a) Zonal wind and (b) meridional wind. Contour interval is 1m/s.

Fig. 8. As Fig. 7, but for w3 at 100 km.
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component to another. They reflect the altitudes
where the basic features of the respective compo-
nents are most pronounced. The sum of the GSWM

and TIME-GCM amplitudes (without accounting
for the relative phasing of both models) is also
provided and may be considered as a proxy for the

ARTICLE IN PRESS

Fig. 10. As Fig. 7, but for s0 at 100 km.

Fig. 9. As Fig. 7, but for w1 at 95 km.
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aggregate effects of latent heat release and wave–
wave interaction forced tides, as predicted by the
models. It is quite obvious that the general result is

rather inconclusive. The agreement ranges from
good (w3, s0) to moderate (w1, e1, e2) to poor (w4)
thus emphasizing the present achievements and

ARTICLE IN PRESS

Fig. 11. As Fig. 7, but for e1 at 100 km.

Fig. 12. As Fig. 7, but for e2 at 100 km.
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shortcomings in understanding the nonmigrating
semidiurnal tides. The comparisons with TIDI
nevertheless give at least an idea of what sources
are important in forcing the various tidal compo-
nents.

w4 (Fig. 7). Both the GSWM and the TIME-
GCM fail to reproduce the observed double peak
structure at 30–401 North and South. TIME-GCM
maximizes at roughly the same time of the year but
with amplitudes that are way too small. GSWM, on
the other hand, predicts a low latitude maximum
around boreal summer that is only covertly present
in the TIDI data during May and June. The model
result that latent heat forcing is comparatively more
important than wave–wave interaction is thus not
confirmed by the observation.

w3 (Fig. 8). The w3 comparison is much better.
GSWM and TIME-GCM together reproduce the
observed seasonal amplitude variation with maxima
around equinoxes and boreal winter and capture the
equatorial maximum in the meridional wind quite
well. However, neither model predicts the boreal
summer peaks in TIDI and they underestimate the
observed amplitudes by about a factor of two.
Apart from these differences and the general model
tendency to peak more poleward, the observation is
consistent with the model result that both latent
heat release and wave-wave interaction are about
equally important in forcing the w3 component over
the course of the year. TIME-GCM response is
likely caused by migrating tide (w2)–QSPW-1
interaction that can produce w1 and w3 as
secondary waves.

w1 (Fig. 9). In the zonal wind, both models
reproduce the seasonal amplitude variation at
higher latitudes reasonably well with roughly the
same contributions. The major difference is the
absence of the observed low-latitude maxima. Such
a maximum is weakly present in TIME-GCM at
105 km altitude (September, not shown) but in any
case much too small compared to TIDI. The models
do better in reproducing the latitudinal structure in
the meridional wind: the observed four-peak struc-
ture is quite evident during most parts of the year.
As for w3, GSWM and TIME-GCM show a
tendency to peak more poleward compared to
TIDI. Observed and modeled amplitudes have
about the same magnitude.

s0 (Fig. 10). Zonal wind magnitude and seasonal
variation of the combined GSWM and TIME-
GCM amplitudes agree quite well with the TIDI
result. Again, both models maximize at latitudes

more poleward than in the observation. In the
meridional wind, the models lack the observed fall
equinox maxima but basically capture the occur-
rence of low latitude maxima although the latter are
more pronounced in TIDI. GSWM accounts for
about two third of the total model amplitudes.
Hence, latent heat release in the tropical tropo-
sphere is the comparatively more important tidal
source. TIME-GCM response may either come
from w2–QSPW-2 interaction and/or w1–QSPW-1
interaction. A recent paper by Liu et al. (2007)
suggests that interactions between nonmigrating
tides and QSPWs may lead to substantial secondary
wave generation in TIME-GCM, at least for the
diurnal tides.

e1 (Fig. 11). The modeled zonal wind amplitudes
from GSWM and TIME-GCM are quite different:
the former predicts two peaks at 501 latitude and the
latter one a smaller maximum around the equator.
Similar patterns can be found in the TIDI data,
although the temporal evolution of the observed
small equatorial amplitudes is different. However,
the combined model amplitudes agree well with
TIDI in the Southern Hemisphere. In contrast to
that, the observed temporal evolution in the North-
ern Hemisphere (boreal summer maximum) is
different to the modeled one (boreal summer
minimum). For the meridional wind, the combined
models predict about the right latitudinal distribu-
tion, but with a similar shortcoming as in the zonal
wind: the observed boreal summer maximum is not
present in the models. The comparison indicates
that the e1 response at higher latitudes is governed
by latent heat release and the response at lower
latitudes by wave–wave interaction. As for s0, the
latter would require secondary wave interaction
between nonmigrating tides and QSPWs.

e2 (Fig. 12). TIME-GCM response is negligible
(smaller than 1m/s) such that this component is
largely driven by latent heat release alone. The
predicted (GSWM) maximum in fall occurs simul-
taneously to the observed one with the winter/spring
maximum in TIDI occurring somewhat earlier than
in the model. GSWM underestimates the e2
amplitude by roughly a factor of two. The model,
although peaking slightly more poleward than the
observation, reproduces the boreal winter peak
latitudes in the zonal wind quite well. However,
the observed zonal wind maxima in fall are located
at lower latitudes compared to the model predic-
tion. The boreal summer maximum in the meridio-
nal wind has no complement in the model. In
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addition, TIDI has the largest meridional wind
amplitudes at the equator, whereas the model
amplitudes at 401 and the equator are about equal.

One possible reason for the model/observation
discrepancies and the partly inconclusive results
might be that the approach does not account for the
effects of latent heat forced nonmigrating ti-
de–QSPW interaction. Tidal forcing and dissipation
schemes may also play an important role. With the
abovementioned constraints, Table 2 summarizes
the forcing as it comes out of the comparisons with
GSWM and TIME-GCM.

6. Summary and conclusions

The TIDI wind data allow for the first time a
detailed analysis of the morphology of nonmigrat-
ing semidiurnal tides over a range of MLT altitudes.
Monthly climatologies for six components in the
zonal and meridional wind directions have been
derived between 85 and 105 km altitude. The present
analysis covers the latitude range between 451S and
451N and will likely be extended to higher latitudes
(601) in the future, although planetary wave aliasing
may become an issue there. At 95 km, the TIDI
results agree remarkably well with 1991–1994 results
from UARS. During boreal winter, amplitudes of a
single component can easily reach 10m/s such that
the aggregate effects of all nonmigrating tides may
reach or even exceed the magnitude of the migrating
tide although the latter could not be analyzed.

A comparative analysis with the tidal predictions
of two models of differing characters, the GSWM
and the TIME-GCM, indicates that wave–wave
interaction forcing and latent heat release in the
tropical troposphere are about equally important in
forcing the w3, w1, and s0 components. The
eastward propagating components are primarily
forced by latent heat release, similar to the findings
for the diurnal components (Oberheide et al., 2006).
There are, however, several shortcomings in our
present model understanding of the semidiurnal
nonmigrating tides that lead to model/observation
discrepancies that are generally larger than those for
the diurnal tides. Reasons for that need to be
studied in more detail in the future, but both the
interaction between latent heat release forced tides
and QSPWs and the model parameterization
schemes likely play a role. Results from the ongoing
Climate and Weather of the Sun–Earth System
(CAWSES) global observing campaign on tides
together with the TIDI climatologies and similar

analyses of SABER temperatures are expected to
give some guidance for future model improvements.

It is nevertheless quite clear that nonmigrating
tides provide an effective mechanism to transport
the signal of large scale weather systems from the
troposphere into the MLT region where they play a
decisive role in driving the MLT dynamics. E-region
dynamo electric field modulation may then further
transport the tidal signal into the F-region. Ob-
servational and modeling efforts to understand this
vertical coupling over an altitude range of 400 km
are still in an early stage but the tidal climatologies
from TIDI and SABER will certainly help to get a
better hold on the underlying physics in the future.
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