JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 113, D03102, doi:10.1029/2007JD008725, 2008

Click
Here
for
Full
Article

Detection of migrating diurnal tide in the tropical upper troposphere
and lower stratosphere using the Challenging Minisatellite Payload

radio occultation data

Zhen Zeng,"*> William Randel,* Sergey Sokolovskiy,' Clara Deser,* Ying-Hwa Kuo,'

Maura Hagan,4 Jian Du,’ and William Ward’

Received 29 March 2007; revised 25 September 2007; accepted 24 October 2007; published 2 February 2008.

[1] The atmospheric limb sounding technique making use of radio signals transmitted by
the Global Positioning System (GPS) has already proven to be a promising approach
for global atmospheric measurements. In this study, we assess for the first time the
potential of GPS radio occultation soundings for detecting the migrating diurnal tide.
Retrieved temperatures between 10 and 30 km in the tropics from the Challenging
Minisatellite Payload (CHAMP) occultation observations during May 2001 to August
2005 are analyzed using space-time spectrum analysis to isolate diurnal waves. Because of
incomplete local time (LT) coverage of the monthly CHAMP occultation data in any given
year, data from all available years are merged to obtain complete 24-h LT coverage.
The effects of aliasing associated with uneven data sampling and measurement noise are
estimated using synthetic data. The results show the feasibility of determining tidal
structures from the composite CHAMP occultation data, and the vertical, seasonal, and
latitudinal structures of the diurnal tide are presented. The estimated diurnal amplitude
generally increases with altitude, exhibiting a maximum of order 1 K at 30 km. The
estimated phase indicates an upward propagating mode above 14 km with a vertical
wavelength about 20 km. The observed diurnal tide at 30 km exhibits a distinct seasonal-
latitudinal variation. Comparison of the observed diurnal tide to the simulated tide in
the extended Canadian Middle Atmosphere Model (CMAM) and Global-Scale Wave
Model Version 2 (GSWMO02) indicates that CMAM overestimates the amplitude but
reproduces the seasonal-latitudinal variation of the diurnal tide while GSWMO02
simulates well the annual mean amplitude but lacks the seasonal-latitudinal variation of

the diurnal tide.
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1. Introduction

[2] Atmospheric tides play an important role in the
general circulation and the coupling between the lower
and the middle and upper atmosphere [Vial, 1989; Kato,
1989; Forbes, 1995; Hagan, 2000]. Knowledge of tides is
also important for analysis of satellite data sampled at
different local solar times, data assimilation [Swinbank et
al., 1999] and temperature trend estimation [Keckhut et al.,
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2001]. Observational and theoretical studies indicate that
migrating tides (components that propagate westward with
the apparent motion of the Sun) are primarily excited
through the zonally symmetric absorption of solar infrared
and ultraviolet radiation by tropospheric water vapor and
stratospheric ozone, whereas nonmigrating tides (modes
which are not Sun-synchronous) are generated by zonally
asymmetric thermal forcing (such as planetary boundary
layer heat flux, latent heat release in the tropical tropo-
sphere) and nonlinear interactions between tides and other
propagating waves [Lieberman, 1991; Teitelbaum and Vial,
1991; Oberheide et al., 2002; Hagan and Forbes, 2002,
2003; Lieberman et al., 2004; Grieger et al., 2004].

[3] The characteristics of tides have been established in a
number of theoretical works by employing classical tidal
theory [Chapman and Lindzen, 1970], mechanistic models
[Forbes, 1982; Hagan et al., 1995; Hagan, 2000] and
general circulation models [Tokioka and Yagai, 1987,
McLandress, 1997, 2002a]. Ground-based lidar/radar
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[Manson et al., 2002; She, 2004] and satellite observations
[Hays et al., 1994; Burrage et al., 1995; McLandress et al.,
1996; Wu et al., 1998] provide an assessment of tidal
structures in nature and their variability on different scales.
Although progress has been made in tidal studies over the
past 30 years, because of the limitations of both the space-
borne (limited local time coverage and coarse vertical
resolution) and ground-based instruments (limited spatial
coverage), specification of the global structure and short-
term variability of the tides still merits further improvement.

[4] To further investigate the tidal characteristics and their
variability, we introduce a relatively new type of data, GPS
radio occultation (RO) data, for tidal analysis. These data
provide coverage in the upper troposphere and lower
stratosphere (UTLS), an altitude range that is lower than
that examined in most observational tidal studies. In the
GPS RO, radio signals from the GPS satellites, received
onboard the LEO (Low Earth’s Orbit) satellite, probe the
Earth’s atmosphere in a limb viewing mode. Propagation of
the signals is influenced by the atmospheric refractivity. The
fundamental GPS RO observable is the phase delay which
is precisely calibrated by ultrastable GPS clock synchro-
nized with the most precise atomic clock on the ground. The
phase of the occulted GPS signal is used for deriving
atmospheric refractivity, and then temperature, pressure
and humidity as functions of altitude [Kursinski et al.,
1997]. The proof-of-concept GPS/Meteorology (GPS/
MET) experiment and follow-on CHAMP and SAC-C
(Satellite de Aplicaciones Cientificas-C) missions have
demonstrated high accuracy and vertical resolution and all
weather capability of the GPS RO. These and other important
characteristics inherent to GPS RO such as self-calibration
and mission independence (that allow keeping long-term
records without intersatellite calibration) make GPS RO a
unique technique for remote sensing of the atmosphere.
Another feature of the GPS RO relative simplicity of the
instrument (GPS RO receiver), allows launching constella-
tions consisting of large number of GPS RO satellites by
increasing density of the observations and providing globally
uniform coverage in local time which is important for
observation of tides and specification of their short-term
variability. The recently launched (15 April 2006) six-
satellite COSMIC (Constellation Observing System for
Meteorology, lonosphere and Climate) mission is already
in operation and will provide global uniform coverage in
local time at the end of 2007 [Anthes et al., 2008].
Following up, there is a plan for launching a 100-satellite
GPS RO constellation CICERO (Community Initiative for
Continuing Radio Occultation) (http://www.geooptics.com),
providing unprecedented global coverage of GPS RO
soundings.

[5] In order to assess the feasibility of RO data for tidal
study, we first analyze the tropical tides in terms of
temperature estimated from the CHAMP RO observations
at 10—-30 km from May 2001 through August 2005. The
German CHAMP mission was launched in July 2000, and
its RO soundings have been available since May 2001
[Wickert et al., 2001]. Comparisons of CHAMP RO data
with correlative data indicate that CHAMP RO soundings
possess the temperature accuracy of 1-2 K in the upper
troposphere and lower stratosphere [Kuo et al., 2004, 2005].
Next we compare the observed tidal characteristics with
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those simulated by the Global-Scale Wave Model Version 2
(GSWMO02) [Hagan and Forbes, 2002, 2003] and extended
Canadian Middle Atmosphere Model (CMAM) [Beagley et
al., 2000; Fomichev et al., 2002].

[6] The outline of the paper is as follows: Section 2
provides a detailed description of the temporal and spatial
sampling characteristics of the CHAMP RO data and our
analysis methodology, with special attention paid to the
error estimation. Section 3 briefly describes the two models,
CMAM and GSWMO02 for comparisons with the CHAMP
RO observations. Section 4 presents the results of the tidal
analysis, including the vertical structure of the migrating
diurnal tide, as well as its latitudinal and seasonal variation.
Section 5 summarizes the main results.

2. Data and Analysis Method
2.1. CHAMP RO Data and Sampling

[7] In this study, we use CHAMP RO temperature pro-
files between 30°S and 30°N from May 2001 to August
2005 at altitudes 10—30 km. In this altitude range RO
temperatures are known to be accurate within 1-2 K.
Normally, CHAMP produces 200—250 occultations daily,
but after the quality control applied during the inversion, the
number of retrieved temperature profiles typically is less.

[8] An important problem arising from using CHAMP
RO data for the study of diurnal variations is the local time
(LT) coverage. Because of the CHAMP orbit (87° inclina-
tion) precession in local time at a rate of ~5.6 min/d,
complete 24-h LT coverage would be obtained every
~130 d. However, reception of RO signals from different
GPS satellites within approximately +60° azimuth range allows
sampling occultations within approximately +2000 km
band around CHAMP orbit by increasing the coverage and
effectively reducing the repeat period to ~108 d at the
equator [Wu et al., 2005]. Figure 1a shows the distribution
of CHAMP RO data between 5°S and 5°N as a function of
day of year and LT. Each color corresponds to observations
from a particular year. The local time coverage at other
latitudinal bands within 30°S—30°N is similar. It is seen that
nearly complete LT coverage can be obtained if the daily
data from all years are merged. However, before merging
the data, it is important to remove interannual and intra-
annual variations (zonally averaged) that may alias into the
diurnal cycle. Merging the data from consecutive days
further increases the density and uniformity of the data
sampling distribution. This will be further described in
section 2.2.

2.2. Tidal Analysis

[v] All CHAMP RO temperature profiles are interpolated
onto a standard vertical grid with 0.2 km resolution from 10
to 30 km altitude. The observations within 30°S—30°N are
subdivided into narrower latitude bands 10° in width and
overlapping by 5°. Figure 2a shows 90-d running mean RO
temperatures zonally averaged between 5°S and 5°N as a
function of altitude and time (note the long-term mean for
each altitude has been removed for ease of visualization). A
strong annual cycle is observed near 18 km with amplitude
around 6 K. Above 20 km, the quasi-biennial oscillation
(QBO) is prominent, with maximum amplitude around 5 K
near 25 km. The QBO signal progresses downward at a rate
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