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ABSTRACT

GPS radio occultation (GPS RO) method, an active satellite-to-satellite remote sensing technique, is
capable of producing accurate, all-weather, round the clock, global refractive index, density, pressure, and
temperature profiles of the troposphere and stratosphere. This study presents planetary-scale equatorially
trapped Kelvin waves in temperature profiles retrieved using COSMIC (Constellation Observing System for
Meteorology, Ionosphere, and Climate) satellites during 2006-2009 and their interactions with background
atmospheric conditions. It is found that the Kelvin waves are not only associated with wave periods of
higher than 10 days (slow Kelvin waves) with higher zonal wave numbers (either 1 or 2), but also possessing
downward phase progression, giving evidence that the source regions of them are located at lower altitudes.
A thorough verification of outgoing longwave radiation (OLR) reveals that deep convection activity has
developed regularly over the Indonesian region, suggesting that the Kelvin waves are driven by the convective
activity. The derived Kelvin waves show enhanced (diminished) tendencies during westward (eastward) phase
of the quasi-biennial oscillation (QBO) in zonal winds, implying a mutual relation between both of them.
The El Nifio and Southern Oscillation (ENSO) below 18 km and the QBO features between 18 and 27
km in temperature profiles are observed during May 2006—May 2010 with the help of an adaptive data
analysis technique known as Hilbert Huang Transform (HHT). Further, temperature anomalies computed
using COSMIC retrieved temperatures are critically evaluated during different phases of ENSO, which has
revealed interesting results and are discussed in light of available literature.
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1. Introduction lar regions; consequently, the equatorial region acts as
a source for various atmospheric wave modes. Among
It is generally known that the equatorial region re-  these, Kelvin waves or Rossby-gravity waves are most

ceives relatively higher solar radiation compared to po- ~ important equatorial wave modes that are forced in
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the tropical troposphere by convective processes (Pires
et al., 1997; Lindzen, 2003; Randel and Wu, 2005;
Brahmanandam et al., 2010).
(wavenumber n = 1 or 2) eastward propagating equa-

The planetary-scale

torially trapped Kelvin waves often show periods rang-
ing from a few days to a few tens of days. It is true that
considerable progress has been achieved in studying
the Kelvin waves ever since their discoveries by Wal-
lace and Kousky (1968), who used radiosonde mea-
surements including winds and temperatures to char-
acterize the Kelvin waves.

In addition to radiosonde instruments (Wallace
and Kousky, 1968; Tsuda et al., 1994; Fujiwara et
al., 2001; Sridharan et al., 2006), Mesosphere Strato-
sphere Troposphere (MST) radars (Sasi and Deepa,
2001) have been used to observe Kelvin waves before
the era of satellite remote sensing techniques. Though
radiosondes and MST radars can provide data with
excellent vertical resolution, due to their meager pres-
ence at equatorial regions, they are of no use to study
the global characteristics, particularly horizontal prop-
agation characteristics, of these equatorial planetary-
scale waves. Later, limb viewing satellite remote sens-
ing instruments including LIMS, MLS, CLEAS, and
CRISTA have contributed enormously to understand-
ing of the Kelvin wave modes in stratospheric alti-
tudes (Salby et al., 1984; Canziani et al., 1994; Sh-
iotani et al., 1997; Smith et al., 2002) through reveal-
ing of Kelvin wave variability that lies in the zonal
wavenumber range of 2-3. Nevertheless, these limb
viewing satellites have their own shortcomings in eval-
uating Kelvin waves of the short to very short period
and vertical wavelength, due to their poor temporal
resolution.

It has been well recognized that Kelvin waves
can significantly influence the tropopause structure
(Tsuda et al., 1994; Randel and Wu, 2005; Ratnam
et al., 2006), thereby play an important role in the
stratosphere-troposphere exchange of ozone (Fujiwara
et al., 1998), dehydrating air entering the lower strato-
sphere from the upper troposphere (Fujiwara et al.,
2001), and occurrence of convective turbulence near
the tropopause (Fujiwara et al., 2003). Most impor-

tantly, large-scale Kelvin and Rossby-gravity waves
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are thought to play an important role in driving the
eastward phase of quasi-biennial oscillation (QBO) of
the zonal winds of the equatorial stratosphere (An-
gell and Korshover, 1964; Holton and Lindzen, 1972).
Observational and numerical modeling studies sug-
gest that the momentum fluxes of Kelvin and Rossby-
gravity waves are too meager (by factors of 2—4) to
drive QBO, and gravity waves probably play an im-
portant role (Hitchman and Leovy, 1988; Alexander
and Holton, 1997; Dunkerton, 1997; Canziani and
Holton, 1998; Baldwin et al., 2001; Kawatani et al.,
2010; Evan et al., 2012). Some studies (Tindall et
al., 2006a, b; Alexander et al., 2008; Ern et al., 2008)
have speculated that higher wavenumber (4-7) east-
ward and westward propagating equatorially trapped
waves along with gravity waves contribute significantly
to the total momentum flux transfer, which in turn
plays a key role in the dynamics of the QBO.

Contrary to above, it has been reported that the
phase of ENSO will have substantial impacts on Kelvin
waves and associated convection over the equatorial
central-eastern Pacific in such a way that El Nifio (La
Nifia) events enhance (suppress) the variability of up-
per tropospheric Kelvin wave and the associated con-
vection there (Yang and Hoskins, 2013). It was postu-
lated by Yang and Hoskins (2013) that the mechanism
of the impact is through changes in the ENSO related
thermal conditions and the ambient flow. In El Nifo
years, because of SST increase in the equatorial central
eastern Pacific, variability of the eastward-moving con-
vection, which is mainly associated with Kelvin waves,
intensifies in the region. In addition, due to weaken-
ing of the equatorial eastern Pacific westerly duct in
the upper troposphere in El Nino years, Kelvin waves
amplify there.

On the other hand, the issues such as poor spatial
and temporal resolutions can be resolved if one uses
the database provided by global positioning system
(GPS) radio occultation (RO) technique. The main
advantages of GPS RO products are their unprece-
dented vertical resolution, global coverage, all weather
capability, and high accuracy. Though the earth’s at-
mosphere has been monitored with RO techniques in-
cluding mono-satellite GPS/MET (Melbourne et al.,
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1994), CHAllenging Mini satellite Payload (CHAMP;
Wickert et al., 2001), and Satellite de Aplicaciones
Cientificas-C (SAC-C; Hajj et al., 2004), due to their
relatively sparse sampling, only seasonal or multiyear
phenomena of equatorial waves could be studied. As
a boon to the scientific community, the launch of six
COSMIC (Constellation Observing System for Meteo-
rology, Ionosphere, and Climate) satellites provides an
order of magnitude increase in the number of GPS-RO
profiles available (Anthes et al., 2008). It has been
estimated that COSMIC satellites provide approxi-
mately 12 times higher amount of data than the earlier
RO missions, and on average about 1500-2000 profiles
are available during a day around the globe (Brah-
manandam et al., 2010; Anthes, 2011). It is, therefore,
expected that the COSMIC constellation will provide
much more detailed analysis of wave structures with
higher wave numbers in the lower atmosphere (Alexan-
der et al., 2008; Brahmanandam et al., 2010). Note
that the COSMIC GPS RO technique has already pro-
vided significant research results in ionospheric alti-
tudes (Brahmanandam et al., 2011; Chu et al., 2011;
Potula et al., 2011; Brahmanandam et al., 2012; Uma
et al., 2012).

Due to high vertical resolution and global cov-
erage of the RO data provided by COSMIC satel-
lites, several research attempts have been made to
describe the global characteristics of gravity, Rossby-
gravity, and Kelvin waves, and their three-dimensional
large-scale structures in the troposphere and lower
stratosphere. For example, Alexander et al. (2008)
by effectively utilizing temperature profiles retrieved
from COSMIC satellites have studied equatorial grav-
ity waves, equatorially trapped Kelvin waves, and
mixed Rossby-gravity waves with zonal numbers
< 9, and their interaction with the background QBO
wind. The study conducted by Scherllin-Pirscher et
al. (2012) on the vertical and spatial structure of the
atmospheric ENSO using COSMIC RO retrieved tem-
perature data has revealed that during warm phase
of ENSO, the zonal-mean temperatures increase in
the tropical troposphere and decrease in the tropical
stratosphere. Zeng et al. (2012) used both temper-

ature and specific humidity profiles derived from 4-
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yr COSMIC RO measurements to study the vertical
structure of the Madden-Julian Oscillation (MJO). In
the present study, we focus exclusively on Kelvin wave
characteristics, i.e., how Kelvin waves respond to dif-
ferent phases of QBO, and the relation of temperature
anomalies to different phases of ENSO during 2006—
2010. In this context, some important observational
results are noticed, which will be discussed in light of
available literature in the ensuing sections.

In addition to the COSMIC retrieved temperature
profiles, we have also used radiosonde measured zonal
winds over Singapore (1°N, 104°E), an equatorial sta-
tion, to assess the background atmospheric dynamics.
Further, daily gridded outgoing long-wave radiation
(OLR) data provided by the NOAA Climate Diagnos-
tics Center are used as a proxy for tropical convection
in the present study.

The organization of this article is as follows. In
Section 2, we present brief descriptions of the RO tech-
nique employed by COSMIC satellites, the ENSO phe-
nomenon, and the famous HHT method. In Section
3.1, we present basic comparisons of vertical temper-
ature profiles from radiosonde and from the COSMIC
RO technique. In Section 3.2, we present character-
istics of the planetary-scale waves observed by using
the COSMIC retrieved temperature profiles. Section
3.3 provides observed ENSO and QBO features in the
COSMIC temperature profiles.

are given in Section 4.

Finally, conclusions

2. Concepts and methodology

2.1 About the GPS RO technique

Though scientists have long recognized the use-
fulness of radio occultation in studies of the planetary
atmosphere as early as in 1971 (Fjeldbo et al., 1971),
this technique had not been employed in probing the
earth’s atmosphere until the GPS/MET project (a-
proof-of-concept occultation experiment), which uti-
lized the GPS satellites for the earth’s atmosphere
studies. The GPS RO methods differ from most other
satellite remote sensing methods in that they use mea-
surements of phase rather than intensity. As the GPS

signals are regulated by atomic clocks, the GPS occul-
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tation measurements do not need additional calibra-
tion. These features make the GPS RO technique a
new and precise sounding technique for the earth’s at-
mosphere and it has the potential to improve weather
analyses, to monitor climate change, and to provide
ionospheric data at higher resolution and better accu-
racy. The earlier RO missions (GPS/MET, CHAMP,
and SAC-C) refined the systems and techniques of
GPS sounding that led to the stage set for COSMIC,
the first operational GPS occultation constellation.
COSMIC satellites were launched in low-earth orbits
(800 km) jointly by the Taiwan Space Organization
and the UCAR of the US in April 2006.

In general, an occultation occurs when one of GPS
satellites (acting as transmitter) sets or rises behind
the earth’s atmosphere as seen by the low-earth-orbit
(LEO) satellites (acting as receiver). In elaborative
sense, the radio signal transmitted from a very stable
source (GPS transmitter) to the LEO receiver follows
a path through the atmosphere that curves distinc-
tively in response to atmospheric gradients in refrac-
tive index. As the crux of radio occultation technique
is to transform that curve (bending) angle of the ra-
dio path to the atmospheric refractive index (under a
number of assumptions), the lower atmospheric tem-
perature, humidity, and ionospheric electron density
at the tangent point of the ray path piercing through
the atmosphere can be estimated in accordance with
the relation between the refractive index n and the

following parameters:

77.6p  3730e
e (T

5.6e _6
- T) x 1076, (1)

where p is pressure (hPa), T is temperature (K), and e
is water vapor pressure (hPa). In this study, we have
downloaded wet temperature profiles (wetPrf) pro-
vided by RO technique performed on COSMIC satel-
lites from http://www.cosmic.ucar.edu.

The earlier GPS RO techniques including
GPS/MET and CHAMP often suffered with the in-
ability to record and retrieve rising occultations and
penetrate the lowest 2-km range in the tropical tro-
posphere because of the usage of a traditional phase-
locked loop (PLL) in their LEO satellite receivers. The
close-loop (CL) tracking approach of PLL in LEO re-
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ceiver utterly fails to lock on signals associated with
high dynamics that often present in the atmospheric
boundary layer (Ao et al., 2009) as the PLL adjusts
the frequency of the reference signal on the basis of
previous measurements, instead of taking care of the
original signal. It is true that the CL approach works
well when there is sufficient signal-to-noise (SNR) and
the signal dynamics are not too high, which is often
not the case, particularly in and around the atmo-
spheric boundary layer. However, in order to study
important atmospheric convective parameters, which
are very sensitive to temperature and moisture profiles
near the lower troposphere, the atmospheric profiles
below 5 km would be necessary. Since the COSMIC
satellites have been implemented with an open-loop
(OL) tracking approach, wherein the reference signal
is “guessed” based on knowledge of the orbits, receiver
clock drift, and estimate of the atmospheric Doppler
shift and delay, more than 90% of COSMIC soundings
penetrate below 1 km (Ao et al., 2009).

2.2 The HHT method

We applied a Hilbert-Huang Transform (HHT;
Huang et al., 1998; Wu et al., 2009) on retrieving
the COSMIC temperature profiles between May 2006
and May 2010. The combination of the well-known
Hilbert spectral analysis (HAS) and the recently de-
veloped empirical mode decomposition (EMD), a pro-
cedure with which any complicated database can be
decomposed into infinite and often small number of in-
trinsic mode functions (IMFs), is designated as HHT.
Since the decomposition in the HHT method is based
on the local characteristics of the data, it is highly
adaptive in nature and deals very well the nonlinear
and non-stationary data. For a review on HHT and
its applications to geophysical studies, please refer to
Huang and Wu (2008).

3. Observational results

3.1 Comparisons between temperature profiles

We first validate the COSMIC RO retrieved tem-
perature profiles with the nearby radiosonde measure-
ments at two equatorial stations. Figure 1 depicts

vertical profiles of temperature from radiosonde (thin
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Fig. 1. Vertical profiles of temperature over Maldives

(0.4°S, 73°E) measured with radiosonde (thin lines) and
nearby GPS retrievals (thick lines) on (a) 8 January 2007
and (b) 9 January 2007, and over Singapore (1°N, 104°E)
on (c) 18 October 2006 and (d) 1 January 2007.

line) and from nearby COSMIC GPS RO measurement
(thick line) over Gan/Maldives (0.4°S, 73°E) and over
Singapore (1°S, 104°E). Note that d¢ and dz in all
panels indicate the differences in time and location
between radiosonde and GPS RO measurements. It
is evident from Fig. 1 that the temperature profiles
from these two types of measurements show good con-
sistency, thereby providing confidence in using COS-
MIC RO retrieved temperature in the studies of atmo-
spheric dynamics.

Earlier studies conducted at different longitude
sectors have also found a good agreement between
GRP RO retrieved and radiosonde measured temper-
atures. For example, a validation study performed
by Rao et al. (2009) at Gadanki (13.48°N, 79.2°E),
a tropical station in the Indian longitude zone, re-

S. K. A. V. Prasad Rao ANISETTY, P. S. BRAHMANANDAM, G. UMA, et al. 285

vealed a mean difference of less than 1 K from 10
to 27 km between COSMIC and radiosonde temper-
atures. Kishore et al. (2009) performed a validation
study using the operational stratospheric analyses in-
cluding the NCEP reanalysis, the Japan 25-yr Reanal-
ysis (JRA-25), and the United Kingdom Met Office
(UKMO) datasets. Good agreement was observed be-
tween the COSMIC and the various reanalysis prod-
ucts, with the mean global difference and differences
in the height range from 8 to 30 km all less than 1
K. Largest deviations were observed over polar lati-
tudes and at the tropical tropopause with differences
of 24 K. Collocated global atmospheric temperature
profiles from radiosondes and COSMIC GPS RO satel-
lites have been compared for April 2008-October 2009
(2010). They found that in the tro-
posphere, the temperature standard deviation errors
were 0.35 K per 3 h and 0.42 K per 100 km. Com-
parative studies by Zhang et al. (2011) between GPS
RO retrieved temperature profiles from both CHAMP
and COSMIC satellites and those from 38 Australian

radiosonde stations have shown a very good agreement

by Sun et al.

between the two types of datasets. Specifically, Zhang
et al. (2011) found the mean temperature difference
between radiosonde and CHAMP to be 0.39°C, while
it was 0.37°C between radiosonde and COSMIC satel-
lites.

3.2 Kelvin waves and their identification

As most of the Kelvin waves are concentrated
around the equator (Mote et al., 2002), we examine
the COSMIC GPS RO retrieved temperature profiles
within +5° latitudes from September 2006 to August
2009. By adopting the following procedure, we try
to extract the Kelvin wave attributes in the temper-
ature profiles. First, the temperature data are verti-
cally interpolated onto a 500-m resolution. Note that
the original COSMIC data are available at a 100-m
vertical resolution and have an effective vertical reso-
lution on the order of 500 m or above in the upper tro-
posphere and lower stratosphere (UTLS). Due to the
high inclination (72°) orbit of COSMIC satellites, the
temperature profile data around the equator are rather
sparse and hence a cubic interpolation in longitude is

used to the temperature profile data to fill-in the miss-
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ing data from 5- to 30-km altitudes (Fig. 2). Figure 2
shows the longitudinal temperature profile (stars) at
17 km on 2 September 2006 over the entire equato-
rial region (5°S-5°N) and the cubic interpolation data
(T) (solid line) as well as the 3rd order polynomial
fit (dashed line). Second, we use a 3rd order poly-
nomial (Tp) regression to best fit to the interpolated
data, which is considered to be background tempera-
ture variation. Note that the 3rd order polynomial fit
has been applied to the time series at each individual
height separately from 5 to 30 km. The background
values are then removed from each temperature profile
corresponding to each altitude and the resulting fluc-
tuation (77 = T —Ty) is utilized to identify the Kelvin
wave features.

Furthermore, the fluctuation data during every
three-month period are put together as ensembles to
show the seasonal variation of Kelvin wave activity
for the September equinox (SON: September, Octo-
ber, and November), December solstice (DJF: Decem-
ber, January, and February), March equinox (MAM:
March, April, and May), and June solstice (JJA: June,
July, and August) seasons of different years. Figure 3a
shows interpolated data for fall 2006 between 5- and
30-km altitudes and Fig. 3b shows the cubic interpo-
lation data during the same period for the entire globe
at 17 km. It is clear from Fig. 3a that the tropopause
is located at around 17 km with temperatures of about
—75°C (198°K) throughout the globe. Finally, we ap-
plied a Fast Fourier Transform (FFT) to the large-
scale temperature fluctuation components, and then
performed incoherent integration on the output of the
FFT to identify the typical characteristics of Kelvin
waves including wave number, wave period in days,
phase speed, and vertical wavelength. A comparison
between the observed characteristics of Kelvin waves
and the theoretical results are presented in Table 1. It
is clear from Table 1 that most observational values
bear a close proximity to theoretical values, showing
the ability of the present methodology that we adopted
in this study.

To verify how temperature anomalies computed
using the COSMIC retrieved temperatures respond to
different phases of ENSO, we examine the temperature

anomalies at different altitudes during warm and cold
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phases of ENSO. Figure 4 depicts the longitude-time
diagrams of temperature fluctuations at 15 and 16 km
(Figs. 4a and 4b), 17 and 18 km (Figs. 4c and 4d),
and 19 and 20 km (Figs. 4e and 4f) during Septem-
ber 2006 and February 2007, which coincide with a
warm ENSO phase. The most evident feature is that
negative temperature anomalies appear at 16, 17, and
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Fig. 2. Temperature data (stars) at 17 km on 2 Septem-
ber 2006 along with the cubic interpolation data (solid line)
and the 3rd order polynomial fit (dashed line).
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Fig. 3. (a) Global vertical temperature profiles during
SON 2006 averaged between 5°S and 5°N, and (b) the
cubic interpolated temperature data during SON 2006 av-
eraged between 5°S and 5°N.
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18 km, while positive values appear at 19 and 20 curs at the tropopause altitude, which agrees with the
km, and the transition (from negative to positive) oc-  earlier research results (Scherllin-Pirscher et al., 2012).

Table 1. Wave properties such as wave number (s), wave period (7), phase speed (C.), and vertical wavelength

(L:) during different seasons between 2006 and 2009 along with theoretical vertical wavelength (L) in km

Season and Wavenumber Wave period Phase speed in Vertical wavelength Theoretical

year (s) in days (1) km h=1 (Cy) inkm (L) L, in km
September equinox/2006 1 15 75.6 5-6 5.02
December solstice/2006 1 17 92.6 6-8 5.45
March equinox/2007 2 10 83.3 5-8 4.8
June solstice/2007 1 17 87.5 6-12 7.3
September equinox/2007 2 9.5 77.5 6-10 9.2
December solstice/2007 1 15 86.8 6-7 12.0
March equinox/2008 2 12 7.2 9 7.9
June solstice/2008 1 13 76.8 89 9.9
September equinox/2008 1 14 85.2 6-7 8.5
December solstice/2008 2 9 70.2 10 8.6
March equinox/2009 2 11 88.2 11 9.2
June solstice/2009 1 12 81.6 8 9.8
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Fig. 4. Longitude-time evolution of temperature fluctuations over 5°S—5°N during September 2006 and February 2007
at altitudes of (a) 15, (b) 16, (c) 17, (d) 18, (e) 19, and (f) 20 km.
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Figure 5 depicts the longitude-time diagrams of tem-
perature fluctuations from March to August 2007,
which coincides with a cool ENSO phase. Though the
temperature anomalies at 15, 16, 17, and 18 km ex-
hibit negative values during the El Nifio phase (Figs.
4a~d), the anomaly trends at 19 and 20 km are not as-
sociated with higher positive values as observed during
the El Nino phase (see Figs. 4de—f). The above results
are consistent with the findings of Yang and Hoskins
(2013), who studied the impact of ENSO on atmo-
spheric Kelvin waves.

It is also clear that the temperature fluctua-
tions from November 2006 to February 2007 at alti-
tudes of 16, 17, and 18 km are characterized by the
known climatological structure of cold temperatures

over 90°E-160°W and maximum convection over In-
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donesia (Highwood and Hoskins, 1998; Seidel et al.,
2001; Randel et al., 2003; Randel and Wu, 2005). The
temperature minimum in the cold region varies episod-
ically during these months (in response to variations in
deep convection), but the overall patterns are quasi-
stationary. In contrast, temperature fluctuations at
altitudes of 19 and 20 km show a zonal wavenumber-1
structure with regular eastward propagation. These
results are consistent with previous reports such as
Garcia and Salby (1987) and Randel and Wu (2005).
Using CHAMP and SAC-C RO data, Randel and Wu
(2005) found the quasi-stationary wave structures near
the tropopause (17 km) for 6 consecutive months start-
ing from October 2001 to March 2002 (Fig. 4a of
their paper) and regular eastward propagating waves
at height of 19 km (Fig. 4b of their paper).

I
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Fig. 5. As in Fig. 4, but during March—August 2007.
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Identification of the characteristic temporal and
spatial scales of zonally propagating planetary waves
in deep tropical convection has been carried out by ap-
plying spectral analysis to satellite-observed outgoing
longwave radiation (OLR) (Wheeler and Kiladis, 1999;
Randel and Wu, 2005, and others). It is well known
that deep convection is a primary source of wave vari-
ability in the tropical atmosphere (Salby and Garcia,
1987; Wheeler and Kiladis, 1999) and it is of great im-
portance to study the relationship between the large-
scale Kelvin waves observed in GPS data and the deep
convection during the same time period. Since OLR
can be considered as a proxy for deep convection, we
analyze the OLR data to understand the relation be-
tween Kelvin waves and deep convective activity. Fig-
ure 6 shows a longitude-time diagram of the OLR data
averaged over 5°N—5°S from January 2006 to January
2013. It is obvious that three longitude sectors includ-
ing 10°-30°E, 60°-170°E, and 280°-310°E are charac-
terized by relatively low OLR values (often < 180 W
m~2), particularly over 60°~170°E, compared to the
rest of the globe. Significantly associated convective
activities are observed during boreal winter months,
with eastward propagating features. As cold tempera-
tures also present around the 80°~190°E longitude sec-
tor at altitudes of 16, 17, and 18 km (Figs. 4b—d and
Figs. 5a—d), it is inferred that these cold temperatures
are excited by those deep convective activities. There-
fore, the tropical convection generated over the In-
donesian region during the present observation period
may be the plausible source for Kelvin waves (Salby
and Garcia, 1987; Wheeler and Kiladis, 1999). Nev-
ertheless, it is shown that the phase speed of the pro-
pogating OLR patterns is much slower than the Kelvin
waves observed in the present study, so the Kelvin
waves are not continuously coupled to convection. It
is very likely that the observed Kelvin waves are more
consistent with free modes forced by the broad spec-
trum of convective variability, especially that over the
convection-active Indonesian region (Randel and Wu,
2005; Ratnam et al., 2006).

Eveolution of the monthly-mean zonal (east-west)
winds at 16.5-28-km altitude are presented in Fig. 7
for the period of January 2006-October 2010. The

S. K. A. V. Prasad Rao ANISETTY, P. S. BRAHMANANDAM, G. UMA, et al. 289

stratospheric QBO is dominant for two complete cy-
cles, with downward propagation particularly from 17
km and with dominant amplitudes between 23 and 28
km. The thick black double arrow in Fig. 7 indicates
the time period (September 2006 to August 2009) dur-
ing which the characteristics of Kelvin waves are stud-
ied. Note that the time period of the present study in-
cludes almost two complete cycles of QBO with east-
ward phases starting from March 2006 to May 2007
and from August 2008 to April 2009, and westward
phases from June 2007 to July 2008 and from May
2009 to July 2010.

In order to examine the Kelvin wave activity in

both phases of QBO, vertical temperature fluctuation
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Fig. 6. OLR averaged over 5°S-5°N from January 2006
to January 2013.
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Fig. 7. Time-height diagram of zonal winds derived from
radiosonde observations over Singapore between January
2006 and October 2010, showing QBO features at strato-
spheric altitudes. The thick black double arrow indicates

the duration during which Kelvin waves are present.
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components are selected and presented in Fig. 8 for
4 days: (1) 13/14 October 2006 (Fig. 8a; eastward
phase), (2) 15/16 May 2007 (Fig. 8b; eastward phase),
(3) 27/28 August 2007 (Fig. 8c; westward phase), and
(4) 19/20 February 2008 (Fig. 8d; westward phase),
respectively. It is obvious that the eastward phase tilt
with height (characteristic of Kelvin waves) is evident
in all panels with a coherent vertical structure over 11—
27 km and the largest amplitudes near and above the
tropical tropopause. Vertical wavelengths in Figs. 8a
and 8b are 10 and 12 km, while the phase lines of tem-
perature waves in Figs. 8c and 8d are extending into
the upper troposphere with more upright behavior and
with longer vertical wavelengths around 13 and 14 km.
Further, the Kelvin wave event in Fig. 8d is relatively
stronger than other Kelvin wave events. The associ-
ated relation between Kelvin waves and background

winds is most probably due to thermal damping pro-
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posed earlier (Shiotani and Horinouchi, 1993). A sim-
ilar analysis is performed from 10 to 30 km for the en-
tire time series between September 2006 and Septem-
ber 2008 and Fig. 9 depicts time-height variations of
the amplitudes of wavenumbers 1 and 2 (averaged). It
is obvious that an increased (decreased) tendency in
wave amplitudes is seen particularly above 18 km dur-
ing westward (eastward) phase of QBO, i.e., between
September 2007 and September 2008 (September 2006
and August 2007). It has been reported that Kelvin
waves generally do not exist above 20-km altitude, ex-
cept during a strong westward phase of QBO or during
a strong eastward shear (Ratnam et al., 2006). Our ob-
servational results agree with the findings of Ratnam
et al. (2006), who discussed how Kelvin wave activity
with enhanced features near the tropopause could en-
hance the tropical tropopause height. Similarly, it is
also found in this study that the amplitudes of Kelvin
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Fig. 8. Kelvin waves in temperature fluctuations during (a, b) eastward phase and (c, d) westward phase of QBO.
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the altitude of
tropopause irrespective of the phase of QBO (Fig. 9).

waves increase the most near

3.3 ENSO and QBO signatures in temperature
profiles

Before analyzing ENSO features observed in
COSMIC temperatures, initially used
the multivariate ENSO index (MEI) (Randel et
al., 2009) in order to know exactly the tem-
poral of ENSO features during the
study period (2005-2011). The MEI (available at
http://www.esrl.noaa.gov/psd/enso/mei/mei.html) is

we have

variations

a Pacific-basin-wide index created from several atmo-
spheric and oceanic variables such as the sea surface
temperature, OLR, and the pressure gradient between
two remote locations across the Pacific, with atmo-
spheric variables lagged by about two months (Randel
et al., 2009). Figure 10 depicts the time series of MEI
between January 2005 and January 2012, wherein the
positive (negative) values represent a warm (cold) El
Nino (La Nifia) event. The horizontal dashed lines
represent the +1o0 standard deviation, indicating the
strength of warm or cold ENSO events. It is clear
from Fig. 10 that the warm ENSO (El Nino) occurs
around August—December 2006 and November—March
2010, while the cold ENSO (La Nina) occurs between
January and May 2008 and again between July 2010
and June 2011, respectively.

Before appling the powerful HHT, we removed
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the annual mean in the temperature data to obtain
the temperature anomalies. Then, we applied the
multi-dimensional ensemble empirical mode decom-
position (MEED; Wu et al., 2009), a decomposition
method used for multi-dimensional data, on temper-
ature anomalies. Though the resultant IMFs show
irregular patterns, the fifth IMF (C5) clearly shows
the presence of ENSO and QBO features in the tem-
perature anomalies. It is seen in Fig. 1la that
the HHT-MEED decomposed IMF C5 component ex-
hibits an ENSO cold phase (La Nifia) around March
2008 from western Pacific (~100°E) to eastern Pa-
cific (150°W), consistent with the MEI in Fig. 10.
On the other hand, a weak warm phase of ENSO (El
Nina) is observed between August 2006 and January
2007 from the Indonesian sector (~80°E) to western
Pacific (160°E), whereas a strong El Nifia appears
around February 2010 from 80° to 180°E in accordance
with the MEI in Fig. 10. Due to strong confounding
effects of QBO (Scherllin-Pirscher et al., 2012), the
ENSO features in the COSMIC retrieved temperature
anomalies could not be revealed above the 16-km alti-
tude. Figure 11b shows the HHT-MEED decomposed
IMF C5 component at 24-km height, wherein the QBO
features are clearly demonstrated. For instance, the
easterly phase of QBO is found between February and
November 2006, and again, between December 2007
and September 2008; whereas the westerly phase of

_3 \ \ \ \ \ \ \ \ \ \ \ \ \
Jan Jul Jan Jul Jan Jul Jan Jul Jan Jul Jan Jul Jan Jul Jan
2005 2006 2007 2008 2009 2010 2011 2012

Month

Fig. 10. Time series of MEI from January 2005 to Jan-
uary 2012. The horizontal dashed lines represent the 1o

standard deviation.
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Fig. 11. HHT-MEED decomposed C5 components of temperature anomalies showing (a) ENSO at 15 km and (b) QBO

at 24 km during 2006-2010.

QBO is found between December 2006 and Novem-
ber 2007 as well as October 2008 and March 2010.
These QBO features not only reflect the QBO signa-
ture in zonal winds over Singapore (1°N, 100°E) as
presented earlier in this paper, but also show a one-
to-one correspondence with the results presented by

other researchers (Steiner et al., 2011).
4. Conclusions

With the recent GPS RO technique performed on
six COSMIC micro-satellites, it has become possible
for us to understand the atmospheric planetary-scale
equatorially trapped waves and other large-scale wave
structures including ENSO and QBO in temperature
profiles. The promising results of the present study
encourage us to apply the analysis procedures used in
this study to datasets to be provided by ensuing RO
techniques including COSMIC-2 that is going to be
launched during the mid 2016, with which more de-
tails can be revealed as COSMIC-2 will be capable of
producing 4-5 times higher volume of data compared
to COSMIC, particularly over tropical regions as the
inclination of the six COSMIC-2 satellites is only 24°
(Mannucci et al., 2012).

The results of the present study are summarized

as follows. 1) A preliminary comparison between COS-
MIC retrieved and radiosonde measured temperature
profiles reveals a one-to-one correspondence between
them, indicating the applicability of the GPS RO re-
trieved profiles. 2) The Kelvin waves derived from the
temperature files show zonal wavenumbers of either 1
or 2, with eastward phase propagation in longitude-
time section and at periodicities of greater than 10
days (slow Kelvin waves). 3) The Kelvin waves show
decreasing tendencies during the eastward phase of
QBO, but increasing tendencies during the westward
phase of QBO. 4) The OLR data confirm the presence
of deep convection around the 60°-180°E longitude
sectors, which could have acted as a source for the ob-
served Kelvin waves. 5) With the help of recently de-
veloped HHT- MEED decomposition, ENSO and QBO
signatures have been clearly identified in the COSMIC
retrieved temperature anomalies. The ENSO and the
QBO features are most significant at around 1-15-km
altitude and between 16 and 30 km. These results
are consistent with previous observational results. 6)
The temperature anomalies computed using the COS-
MIC retrieved temperatures during different phases of
ENSO are critically evaluated. Higher (lower) positive
values occur during the warm (cool) phase of ENSO

above the tropical tropopause height.
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