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1 INTRODUCTION

The mesosphere and lower thermosphere (MLT) are re-
gions that absorb and modify atmospheric phenomena
originating in the troposphere and stratosphere. However,
these are also source regions for dynamical, chemical and
radiative processes that act to redistribute energy, momen-
tum and constituents throughout the upper atmosphere.
The specification of MLT dynamics is critical for success-
ful physics-based modeling of the neutral atmosphere,
and its links to the thermosphere. The MLT is monitored
by the Upper Atmosphere Research Satellite (UARS)
and the Thermosphere-Ionosphere-Mesosphere Dynam-
ics and Energetics (TIMED) spacecraft, and ground-based
networks of lidars, optical sensors, and wind radars. In
support of the TIMED mission science goals and their ap-
plication to the Space Weather Program, we have devel-
oped a sequential estimator for the assimilation of ground-

and satellite-based MLT wind measurements.

The present report focuses on the capabilities of a se-
quential estimator to retrieve the daily evolution of diurnal
tides sampled by the TIMED Doppler Interferometer (TIDI),
and by ground-based wind radars. Diurnal tides comprise
a very significant component of the planetary-scale zonal
and meridional wind fields at low and subtropical latitudes.
These oscillations contribute to the westward momentum
budget of the tropical MLT, and modulate the transmission,
dissipation, and momentum deposition by gravity waves.
Recent studies have highlighted temporal variability in di-
urnal tides that may be linked to interactions with planetary
waves (Teitelbaum and Vial, 1991; Pancheva et al., 2002;
Angelats i Coll and Forbes, 2002; Lieberman et al., 2003).
The products of the sequential estimator, daily tidal coeffi-
cients, are key to our research goals of clarifying the role
of planetary waves for tidal variability.

2 BRIEF OVERVIEW OF SEQUENTIAL ES-
TIMATION

The method of sequential estimation generates a series of
minimum-variance estimates. Given an estimate Xe with
a variance of σe and a measurement Xi whose variance
is σi, the optimal (or minimum-variance) combination of
these two data is given by

�
X � �

σ2
�
Xi

σ2
i � Xe

σ2
e � (1)

�
σ2 � �

1
σ2

i � 1
σ2

e ��� 1

(2)

Note that the variance of the optimal combination is lower
than the uncertainties of the measurement and the esti-
mate. Equation (1) is applied sequentially to a “virtual”
dataset (described in section 3) at longitudes and univer-
sal times corresponding to TIMED (satellite) and MF sam-
pling.

Planetary-scale atmospheric phenomena are gener-
ally represented as Fourier series of zonal wavenumbers.
Our studies to date have focused on tidal meridional wind�
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Figure 1: Top: Latitude versus local time of TIDI measurements in the 80–105 km altitude range on April 25, 2002. Red
(blue) symbols denote warm- (cold-) sided viewing. Bottom: Corresponding latitudes versus longitudes.

definitions, approximated as

V 	 λi 
 t0 � � 6

∑
m � � 6

Am  1 	 t0 � cos 	 mλi � Ωt � (3)

� Bm  1 	 t0 � sin 	 mλi � Ωt � (4)

Thus, the products of the sequential estimator are daily di-
urnal (Am  1 and Bm  1) coefficients for the zonal mean, and
6 eastward and westward-propagating zonal wavenum-
bers. It can be shown that the optimum estimate

�
V and

its variance
�
σ at the ith time step are given by�

Vi � Ve � 	 Vi � Ve � σ2
e

σ2
e � σ2

i

 (5)�

σ � 2
i � σ � 2

i � σ � 2
e (6)

(Khouri, 1981; Haggard et al., 1986).

Equation (3) tells us that
�
Vi is a linear combination of

the actual measurement Vi and the Fourier series approxi-
mation to V given by equation (2), denotedVe. The weight-
ing of Ve and Vi depends upon the ratio of the measure-
ment uncertainty σi to the estimate uncertainty σe. If high-
quality (low variance) data are available, the measurement

is weighted more heavily than the Fourier estimate. Con-
versely, if the data are very noisy (large σ2

i ),
�
σi � σe, and�

Vi � Ve. In this case, the Fourier coefficients determined at
the previous time step are not updated, and the optimum
estimate

�
Vi is based entirely upon the Fourier approxima-

tion given by equation (2).

3 VIRTUAL DATASET

The TIMED spacecraft was launched successfully in De-
cember 2001 with the mission of determining MLT waves,
basic states, and energy balance. The wind-measuring
instrument, TIDI, senses emissions on both the dayside
and the nightside between 80 and 105 km and 60S-60N.
Each day’s worth of TIDI measurements occur in 4 sets
of 15 “swaths” (Figure 1b). The satellite precesses about
24 � in longitude between each swath; however, at a given
latitude, the local time associated with a particular swath
is nearly invariant over the course of one day (Figure 1a).
MLT winds are also sampled by a global network of meteor
and medium frequency (MF) radars. These instruments
provide virtually continuous measurements in time.
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Figure 2: Amplitude of the diurnal westward wavenumber 2 component (W2), as a function of time at 16 � N at 90 km
(top) and 100 km (bottom). Thick solid curve is the variation of W2 within WACCM, thin curves are W2 retrievals of
WACCM fields using sequential estimation. Left-side plots show results for WACCM sampling by TIDI only, right-side
plots show results for WACCM sampled by TIDI and 7 MF radars sampling every 4 hours, and equispaced in longitude.
Thin red lines are W2 retrievals using a sequential estimator applied to the complete WACCM spectrum. Thin black
lines are W2 retrievals when WACCM spectrum is truncated at 1.8 days. All time series are smoothed with a 3-day
running mean.

In order to assess the efficacy of the sequential es-
timator, we examine meridional wind “data” from a 30-
day March “run” of the NCAR Whole Atmosphere Commu-
nity Climate Model (WACCM). The full range of temporal
variability in the WACCM field extends from the Nyquist
period (6 hours) to the fundamental period (30 days).
WACCM spectra were used to reconstruct the evolution of
the meridional wind field at TIDI and MF radar longitudes
and universal times, throughout a full 64-day TIMED “yaw”
period extending from March 19–May 22, 2002. The se-
quential estimator was operated on the time series in both
forward and backward directions; forward and backward
estimates are then optimally combined to yield a final min-

imum variance estimate at each time step. The output of
the sequential estimator consists of daily zonal wavenum-
ber coefficients of diurnal waves 0–6.

Instrument errors and geophysical variances for diur-
nal zonal wavenumbers 0–6 are required for the construc-
tion of the sequential estimator. For our experiments, all
measurement variances are set to 4 m2 s � 2, while the
geophysical variances of wavenumbers 0–6 are uniformly
set to 200 m2 s � 2. Wave coefficients were initialized to
zero for the forward “run”. Their values at the final timestep
of the forward run are used as the initial values input to the
backward run.

4 RESULTS

We examine first the evolution of a nonmigrating diurnal
tide, the westward-propagating wavenumber 2 diurnal tide
(denoted W2). This mode was chosen because of a strik-
ing 10–20-day amplitude modulation that is evident at 90
km (Figure 2, top). The sequential estimator retrieves this
mode with very good accuracy at 90 km. At 100 km, how-

ever, the retrieval that is based upon satellite data alone
(lower left panel) is not as accurate as its 90 km counter-
part. The poorer performance at 100 km is due to aliasing
by semidiurnal tides, which are not fully resolved by TIDI’s
sampling. This can be seen by comparing the thin red
and black curves in Figure 2. When WACCM fields are fil-
tered of semidiurnal variability, diurnal definitions provided
by the sequential estimator (thin black curves) are in better
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Figure 3: Left: Amplitude of the migrating diurnal tide (westward wavenumber 1 component, or W1) at 16 � N at 100 km.
Thick solid line is the variation of W1 within WACCM, thin lines are W1 retrievals of WACCM fields using sequential
estimation. Top left plot shows results for WACCM sampling by TIDI only, bottom left show results for WACCM sampled
by TIDI and 7 MF radars sampling every 4 hours, and equispaced in longitude. Thin red lines are W1 retrievals using
a sequential estimator applied to the complete WACCM spectrum. Thin black lines are W1 retrievals when WACCM
spectrum is truncated at 1.8 days. Right hand plot shows the amplitude of the migrating semidiurnal tide (westward
wave 2), retrieved by a sequential estimator with WACCM input sampled by TIDI and 7 equispaced MF radars sampling
every 4 hours. All time series are smoothed with a 3-day running mean.

agreement with WACCM.

In order to retrieve day-to-day evolution of tidal varia-
tions at altitudes where the semidiurnal tides are compara-
ble to the diurnal tide, the sampling rate must be increased
above the 4 local times per day provided by TIDI. More-
over, higher sampling rates in local time must exist at suf-
ficient longitudes to resolve the strongest planetary-scale
semidiurnal modes. When the sequential estimator is ap-
plied to an observational network consisting of TIDI, and
7 ground-based MLT wind platforms equispaced in longi-
tude, agreement between the retrieved and WACCM tidal
input is substantially improved. Figure 2 (bottom right) il-
lustrates the effects of additional ground-based sampling
for diurnal W2, while Figure 3 (left side) demonstrates the
effect of sampling upon the migrating diurnal (W1) compo-
nent.

We have applied a sequential estimator based upon
the inclusion of semidiurnal tides in the Fourier represen-
tation. For this version, equation (1) is modified to

V 	 λi 
 t0 � � M � 1

∑
m � 0

Am  1 	 t0 � cos 	 mλi � Ωt �

� Bm  1 	 t0 � sin 	 mλi � Ωt �
� 2

∑
m � 2

Am  2 	 t0 � cos 	 mλi � 2Ωt �
� Bm  2 	 t0 � sin 	 mλi � 2Ωt � (7)

A retrieval of the migrating semidiurnal tide is shown in Fig-
ure 3 (top right), using a sequential estimator based upon
(4) and applied to WACCM winds sampled by TIDI and by
7 ground-based wind stations.

Figures 2 and 3 clearly illustrate the dependence of
diurnal and semidiurnal retrievals upon their relative mag-
nitudes, and the combination of TIDI and ground-based
sampling. These effects are summarized in Figure 4. Di-
urnal and semidiurnal amplitude spectra from WACCM are
shown, together with the root-mean-squared (RMS) errors
of their estimates provided by the sequential estimator.
We note two features in these plots. First, errors gener-
ally decrease as the number of ground-based stations is
increased. In the case of the diurnal tides, a sharp drop-
off in RMS error magnitudes occurs when the 5th radar is
added to the database. Second, the error-to-amplitude ra-
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Figure 4: Amplitude WACCM diurnal (top) and semidiurnal (bottom) tides as a function of zonal wavenumber, plotted
as heavy solid black curves. Left-side plots are for 90 km, right side plots are results at 100 km. Thin curves are
RMS errors for sequential estimator retrievals based upon combined TIDI and 4-hourly, longitudinally equispaced radar
sampling according to the following color index: Black: 2 radars. Green: 3 radars. Blue: 4 radars. Red: 5 radars.
Yellow: 6 radars. Magenta: 7 radars.

tios for the migrating diurnal tide are smaller, and drop off
more rapidly with respect to number of ground radar sites
when the diurnal amplitude exceeds the semidiurnal am-
plitude by a factor of more than 2. At 90 km, where the
migrating diurnal amplitude exceeds 40 m s � 1, the corre-
sponding RMS error does not exceed 8 m s � 1, or 20% of
the amplitude. At 100 km, the migrating diurnal amplitude
is reduced to 29 m s � 1, compared to an amplitude of 15 m
s � 1 for the migrating semidiurnal tide. The corresponding
RMS errors range between 8 and 12 m s � 1 with the in-
clusion of 4 and 2 radars, respectively. This demonstrates
that assimilation is more difficult when diurnal and semidi-
urnal tides have comparable amplitudes.

5 SUMMARY

We have developed a sequential estimator that provides
daily tidal definitions using TIDI and ground-based neu-

tral winds. This project is motivated in part by reports of
tidal variability on timescales matching periods of plane-
tary waves. Experiments with the sequential estimator in-
dicate that at tropical latitudes, and up to 90 km, diurnal
planetary-scale waves are well-retrieved when sampled at
4 local times daily by TIDI. However, at midlatitudes, and
above 95 km, TIDI sampling must be augmented in lo-
cal time with ground-based radar winds in order to carry
out tidal retrievals. Accuracy of the sequential estimator
is enhanced when ground-based wind data sampled at a
minimum of 5 local times per day are added to the TIDI-
sampled database. The enhancements are most signifi-
cant when ground-based stations are equispaced in longi-
tude, and exceed 4 in number. These requirements arise
from the presence of the semidiurnal tide, which contami-
nates diurnal retrievals based on data sampled fewer than
5 times per day.
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