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Abstract. We retrieved temperature (7T') profiles with a high
vertical resolution using the full spectrum inversion (FSI)
method from the Constellation Observing System for Meteo-
rology, lonosphere and Climate (COSMIC) GPS radio occul-
tation (GPS-RO) data from January 2007 to December 2009.
We studied the characteristics of temperature perturbations in
the stratosphere at 20-27 km altitude. This height range does
not include a sharp jump in the background Brunt-Véisal4
frequency squared (N?) near the tropopause, and it was rea-
sonably stable regardless of season and latitude. We analyzed
the vertical wavenumber spectra of gravity waves (GWSs)
with vertical wavelengths ranging from 0.5 to 3.5km, and
we integrated the (total) potential energy Eg . Another inte-
gration of the spectra from 0.5 to 1.75 km was defined as Eg
for short vertical wavelength GWs, which was not studied
with the conventional geometrical optics (GO) retrievals. We
also estimated the logarithmic spectral slope (p) for the sat-
urated portion of spectra with a linear regression fitting from
0.5to 1.75km.

Latitude and time variations in the spectral parameters
were investigated in two longitudinal regions: (a) 90-150° E,
where the topography was more complicated, and (b) 170-
230° E, which is dominated by oceans. We compared E,
ES and p, with the mean zonal winds (U) and outgoing
longwave radiation (OLR). We also show a ratio of 5 to E,
and discuss the generation source of E3. E; and p clearly
showed an annual cycle, with their maximum values in win-
ter at 30-50° N in region (a), and 50-70° N in region (b),
which was related to the topography. At 30-50°N in re-
gion (b), Eg and p exhibited some irregular variations in ad-

dition to an annual cycle. In the Southern Hemisphere, we
also found an annual oscillation in Eg and p, but it showed
a time lag of about 2 months relative to U. Characteristics of
EJ and p in the tropical region seem to be related to convec-
tive activity. The ratio of Eg to the theoretical model value,
assuming saturated GWs, became larger in the equatorial re-
gion and over mountainous regions.

Keywords. Meteorology and atmospheric dynamics (waves
and tides)

1 Introduction

Atmospheric gravity waves (GWs) play an important role
in driving the general circulation of the middle atmosphere,
transporting momentum flux, and kinetic energy from the
lower atmosphere to the stratosphere and mesosphere (e.g.
Fritts and Alexander, 2003; Alexander et al., 2010). The
fundamental mechanism of GWs, as well as seasonal vari-
ations in GW activity, have been studied with ground-
based measurements, such as mesosphere—stratosphere—
troposphere (MST) radars (e.g. Babu et al., 2008; Tsuda,
2014), Rayleigh lidars (YYamashita et al., 2009; Alexander et
al., 2011), rockets (Eckermann et al., 1995), and radiosondes
(Tsudaetal., 1991; Zhang et al., 2006). Satellite observations
have revealed a global distribution of GW activity in the mid-
dle atmosphere (Wu and Waters, 1996; Tsuda et al., 2000; de
la Torre and Alexander, 2005; Jiang et al., 2005). Numerical
model experiments of the global circulation have showed the
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behavior of GWs (Alexander et al., 2002; Kawatani et al.,
2009; Sato et al., 2012).

There are various generation mechanisms of GWSs, such
as tropical convection, orographic generation (topography),
and wave—wave interactions, where their importance depends
on latitude, altitude, and season (e.g. Fritts, 1989; Fritts and
Alexander, 2003). Murayama et al. (1994) reported a clear
correlation between GW activity and the magnitude of sub-
tropical jet streams using Middle and Upper Atmosphere
Radar (MU) observations. Orographic generation of GWSs
has previously been observed with balloon soundings and
satellite measurements over the Andes (Alexander et al.,
2008a) and Antarctica (Baumgaertner and McDonald, 2007;
Sato and Yoshiki, 2008). Effects of the polar night jet and
sudden stratospheric warming events on GW excitation have
also been studied (Yoshiki et al., 2004; Hei et al., 2008).

Monochromatic GWs are sometimes observed in tem-
perature and wind velocity profiles (Eckermann, 1995), but
more often, perturbations generally appear as superposition
of many GWs. Therefore, the characteristics of GWSs can be
investigated using spectral analyses in terms of frequency
and horizontal and vertical wavenumbers. VanZandt (1982)
surveyed available results of GW spectra and proposed a uni-
versal spectrum of GWs that agrees well with observed spec-
tra. In particular, the vertical wavenumber spectrum was ex-
plained by a saturated GW model (Smith et al., 1987), as-
suming that the dissipation of GWSs is due to convective insta-
bility (Lindzen, 1981). This model was verified by compar-
ing the observations with MST radars (e.g. Fritts and Chou,
1987; Tsuda et al., 1989; Eckermann, 1995) and radioson-
des (e.g., Tsuda et al., 1991). Seasonal and latitudinal vari-
ations in vertical wavenumber spectra have also been ex-
plained using a simple model (Alexander et al., 2002). Com-
plete vertical wavenumber spectra can be analyzed well us-
ing radiosonde observations (e.g. Wu et al., 2006; Zhang et
al., 2006). However, routine radiosonde soundings are mostly
limited to specific locations over land at middle latitudes in
the Northern Hemisphere (NH).

GPS radio occultation (GPS-RO) is characterized by a
very high vertical resolution, superior to other satellite ra-
diometer techniques (Kursinski et al., 1997; Rocken, 1997),
and it is used to study the mesoscale perturbations caused by
GWs. Latitude variations in the vertical wavenumber spectra
of GW have been studied using GPS-RO temperature profiles
with the GPS/Met and CHAMP satellites (Tsuda and Hocke,
2002; Ratnam et al., 2004). Note that these profiles were
retrieved using the geometrical optics (GO) method, whose
vertical resolution is limited to approximately 1.4km by a
Fresnel zone. Marquardt and Healy (2005) and Wu (2006)
discussed measurement error and height resolution of GPS-
RO profiles by using a conventional GO retrieval. Small ver-
tical scale fluctuations are smoothed out in the GO retrieval,
therefore, the results do not clarify the activity of GWs
with vertical wavelengths shorter than about 2 km. Séacha et
al. (2014) employed the GPS-RO density profiles for GW
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analysis and discussed the advantages for GW analysis of
appropriately removing the background component from a
snapshot profile.

This research describes global distributions of vertical
wavenumber spectra of temperature profiles derived using
the full spectrum inversion (FSI) retrieval method (Jensen
et al., 2003). We used the GPS-RO temperature data ob-
tained by the Constellation Observing System for Meteorol-
ogy, lonosphere and Climate (COSMIC) mission (Kuo et al.,
2004). The COSMIC Data Analysis Archive Center/CDAAC
(CDAAC - www.cosmic.ucar.edu) at the University Cor-
poration for Atmospheric Research (UCAR) published the
temperature profiles using two basic inversion algorithms of
GPS-RO: GO and FSI. At the CDAAC, the FSI technique
is applied to only layers below the middle troposphere (Kuo
et al., 2004). Tsuda et al. (2011) applied an FSI retrieval in
the stratosphere up to about 30 km altitude, and investigated
spectra for wavelengths as short as 0.5 km.

The present study is an extension of Tsuda et al. (2011),
and we aimed at studying the global distribution of vertical
wavenumber spectra by applying FSI retrieval in the lower
stratosphere using COSMIC GPS-RO data. We focused on
latitude variations in the vertical wavenumber spectra, con-
centrating on their relation with the topography and back-
ground mean zonal winds.

In Sect. 2 we briefly explain the procedure of the analy-
sis of vertical wavenumber spectra of normalized tempera-
ture fluctuations. A description of an analysis of the latitude—
time and altitude—latitude distributions of the Brunt-\Vaisala
frequency squared (N?) is provided in Sect. 3, followed by
an investigation on the latitude—time variation in GW poten-
tial energy, logarithmic spectral slope, topography, and zonal
winds. We calculated statistical results of standard score (z
score) (Wu et al., 2001) to analyze the relationship between
these variables by assuming that their variance followed the
Gaussian distribution. We also investigated the ratio of the
observed GW potential energy and the model prediction by
the saturated gravity wave theory (Smith et al., 1987).

2 Data analyses

Figure 1 shows a global topographic map with a
0.25° x 0.25° resolution provided by the National Geophys-
ical Data Center. It is reported that the topography over the
Tibetan Plateau, Rocky Mountains, and Andes contributes to
the generation of GWs (e.g. Alexander et al., 2008a). In the
tropics, GWSs are emitted by convective clouds (Tsuda et al.,
2009). Interactions with the stratospheric quasi-biennial os-
cillation (QBO) were investigated using a numerical model
(Alexander and Holton, 1997; Kawatani et al., 2009), which
was verified through observations (Randel and Wu, 2005;
Alexander et al., 2008b). In addition, wind shear can also
be a dominant mechanism for the generation of GWs (Fritts
and Alexander, 2003).

www.ann-geophys.net/34/203/2016/
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Figure 1. Global topography map with a 0.25° x 0.25° resolution
taken from National Geophysical Data Center (www.ngdc.noaa.
gov). Solid and dashed lines delimit the longitude regions (a) 90—
150° E and (b) 170-230° E, respectively.

In this study, considering these generation sources of
GWs, two different longitude regions were selected to elab-
orate characteristics of vertical wavenumber spectra from
COSMIC GPS-RO data. Figure 1 shows two longitude re-
gions: (a) 90-150°E and (b) 170-230° E. The former in-
cludes Asia, Australia, and hills of Antarctica, while the lat-
ter is dominated by ocean and does not include much to-
pography except at 50-70° N and the northern part of New
Zealand.

Individual profiles of temperature (7') retrieved with the
FSI method from COSMIC GPS-RO data were sorted with
a height interval of 100m, consisting of the background
mean temperature Ty and perturbation components 77 (T’ =
T — To). Figure 2 shows a comparison between the T pro-
file retrieved with the GO method at the CDAAC and that
using our method. In general, these profiles are consistent,
but the FSI result exhibits waves with smaller vertical scales.
We estimated Tp as a linear profile at 20-27 km altitude, ap-
plying a least-squares fitting. For analyzing small-scale tem-
perature fluctuations with vertical wavelengths as short as
0.5km, Tsuda et al. (2011) reported that the upper limit of
the FSI profiles is about 28 km. Therefore, we selected the
height range of 20-27 km for analyzing the GW spectrum.
The bottom height (20 km) was determined by investigating
the height of the tropopause as well as latitude—height distri-
bution of atmospheric stability as discussed in a later section
(Sect. 3.1).

The saturated spectrum of normalized temperature per-
turbations L 7, can be expressed as a function of the vertical
wavenumber m as

N*
F I =
% 10g2m-3

(1)

www.ann-geophys.net/34/203/2016/

30 30
29 | 29 |
28 1 28 1
271 27 1

261 26

€

X< 25 | 25 |

(0]

524 24 1

<23 23 |
221 22 1
211 —Go|l 211

——FSI

20 : , 20—
200 210 220 230 -6 -4 -2 0 2 4 6
T (K) T-T ,(K

Figure 2. Atmospheric temperature profiles retrieved by GO (blue
line) and FSI (red line) methods from COSMIC GPS-RO data ob-
tained at 00:03 UTC on 1 January 2007 at 1.31° N and 136.265° E.
The GO profile is obtained from CDAAC. Left panel shows the
original temperature profiles with a linear fitting in dashed line.
Right panel shows perturbation components (replotted from Tsuda
etal., 2011).

where the unit for wavenumber is cycles per meter
(cycem™1). g and N? are gravitational acceleration and the
Brunt-Vaiséala frequency squared, respectively. We calcu-
lated FT/ (m) following the analysis procedure in Tsuda et

al. (2011) A linear trend of T was subtracted before multi-
plying the Hanning window function. Then, a fast Fourier
transform was applied. Figure 3 shows an example of the
spectrum from the temperature profiles shown in Fig. 2. The
top panels are plotted in a common format with F(m) and
log(m) as the vertical and horizontal axes, respectively. The
bottom panels are a so-called area-preserving plot of spectra
(Fritts et al., 1988), showing m F (:n) on the vertical axis with
a linear scale. Note that the integrated area beneath the area-
preserving spectrum in a specific wavenumber range from
m1 to my becomes equal to the integrated potential energy,

my m32
Ep= C/mF(m)d(lOgm) = C/ F(m)dm, 2
mi mi

where C = —N— In the top panels in Fig. 3, we also show a
theoretical model spectrum from Eq. (1). It is clear that the
GO retrievals do not resolve perturbations with m larger than
about 6 x 10~%cycm™1, corresponding to a vertical wave-
length of 1.75 km. FSI results agree with the model in Eq. (1)
down to m =5 x 10~3 cycm~1, i.e., 200m in wavelength.
The bottom panels indicate that the integrated energy is un-
derestimated in the GO results even for a small m. Figure 3
shows the advantage of the FSI method for studying GW
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Figure 3. Vertical wavenumber spectra of the normalized temper-
ature T’ /Ty profiles shown in Fig. 2 at 20-27 km height range. A
model spectrum of saturated gravity waves from Eq. (1) is plotted
as a dashed line. Bottom panels show an area-preserving form of
the spectra.

characteristics, especially for small vertical scale compo-
nents. Although this particular case study in Fig. 3 indicated
that the shortest wavelengths that can be captured with FSI
is as short as 200 m, we limited the minimum wavelength to
500 m in this study, following the statistical study by Tsuda
etal. (2011).

The main focus of this research was the climatological
characteristics of the vertical wavenumber spectra of the
GWs. We averaged the vertical wavenumber spectra every
5° in latitude in both longitude regions, (a) and (b). We cal-
culated the integrated (potential) energy from the analyzed
spectra in the entire wavenumber range from 2.9 x 10~4
to 2 x 10~3cycm~1! (3.5 to 0.5km in wavelength), which
is defined as the total potential energy, Eg . Note that the
first point in a spectrum was neglected, since it is largely
affected by the Hanning window function. A part of the
wave energy for large wavenumber range from 5.7 x 10~ to
2 x 1073 cycm~1 (1.75 to 0.5km) was also calculated and
this value was defined as ES‘ which was unable to be in-
vestigated in earlier studies through the use of the GO pro-
files. Using these values, we calculated percentage of the po-
tential energy, Ep% = Ej/E, x 100, for small-scale GWs
(wavelengths from 0.5 to 1.75 km). The spectral slope, p, is
defined as linear regression from logarithmic plot of power
spectral density of normalized temperature fluctuations. We
estimated p for a wavenumber range from 5.7 x 10~ to
2x 103 cycm~L,
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In order to discuss the relationship of the GW activity with
the background mean winds, U, we used monthly mean U
from NCEP reanalysis data provided by the NOAA Earth
System Research Laboratory. We also refer to the satellite
data of outgoing longwave radiation (OLR) as a proxy of the
tropical convection at low latitudes.

We aim at showing a statistical result on the distribution of
GW energy using vertical wavenumber spectra. As pointed
out by Sacha et al. (2015) and elsewhere, it is noteworthy,
however, that the wave potential energy may not be a con-
served physical value when it is estimated by integrating the
wave variance in a selected wavelength range. The vertical
wavenumber of GWSs varies depending on the background
wind shear conditions. For the studies on the effects of wave
dissipation on the general circulation, the upward flux of
horizontal momentum associated with GWs should be accu-
rately estimated. However, this measurement is rather diffi-
cult, except for when it is studied by means of a large atmo-
spheric radar, such as the MU radar (e.g. Tusda et al., 1991).

3 Results and discussion

3.1 Distribution of Brunt-Vaisala frequency squared,
NZ

We investigated variations in the Brunt-Vaisala frequency
squared, N2, because the spectral density in Eq. (1) depends
on the background value of N2. We analyzed N2 using COS-
MIC GPS-RO temperature profiles, and found that N2 is, in
general, zonally homogenous. Therefore, we discuss latitude
and seasonal variations in the monthly mean value of N2 in
rads—2 averaged at 20-27 km altitude. Figure 4 shows the
results during 2007—-2009 over longitude region (a). Similar
results were also obtained over region (b) (not shown).

The top panel of Fig. 4 shows that N2 in the polar region
(60-90° S) in the Southern Hemisphere (SH) exhibits a clear
annual cycle. N2 reached the maximum and minimum values
of 6.5x 10~* and 4 x 10~*rads~2 in winter and summer,
respectively. A seasonal variation was also evident at high
latitudes (50-90° N) in the NH, but it exhibited considerable
year-to-year differences probably due to sudden stratospheric
warming events in winter of the NH (Harada et al., 2010). It
is expected that the increase in N2 could be related to an
enhancement of GW energy in winter in the polar region,
because the model spectrum indicates a proportionality of the
spectral density with N2 as in Eq. (1). In the 30-60° latitude
regions in both the NH and SH, seasonal changes in N2 were
not evident as compared to those at high latitudes.

We showed altitude versus latitude variations in N2 in re-
gion (a) in the bottom panel of Fig. 4. A sharp increase in N2
was clearly seen at around 15-17 km altitude in the latitude
range from about 30° S to about 30° N, clearly depicting a
boundary between the troposphere and the stratosphere. The
NZ values were relatively stable at 20-27 km altitude at the
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Figure 4. Top panel: latitude—time variation in Brunt—\aiséla fre-
quency squared, N2 in rads—2 averaged in the 20-27 km height
range. The N2 values are averaged every 5° in latitude. Bottom
panel: altitude-latitude variations in N 2 fora 3-year average.
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Figure 5. Time variations in N2 (blue line) and U (red line) with
positive eastward propagation in the tropics in the 20-27 km height
range (top panel) and OLR (bottom). Solid and dashed lines corre-
spond to the longitude regions (a) 90-150° E and (b) 170-230° E
respectively.

entire latitude range. Therefore, we decided to analyze the
spectra in this height range.

Figure 5 shows the time series of mean N2 and U be-
tween latitudes 20° S and 20° N in the lower stratosphere
(20-27 km). There are no significant differences in N2 be-
tween longitude ranges (a) and (b), but U shows slight differ-
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Figure 6. Latitude—time variations in GW parameters in the NH
(20-70° N) in longitude regions (a) and (b). In the top row in (a)
and (b), panels are U, EJ, and E5 from left to right. In the bot-
tom row, the leftmost panel shows the mean of topography with 1°
latitude resolution averaged in the selected longitude regions, and
the second and third panels are Ep % and the absolute value of p,
respectively.

ences between regions (a) and (b). Convective activity (OLR)
in the bottom panel in Fig. 5 shows large differences between
the (a) and (b). From November to February, small OLR val-
ues (active convection) were only described over region (a).
N2 in the equatorial region was affected by the QBO, as
reported by Shimizu and Tsuda (2001) from long-term ra-
diosonde observations. However, because the N2 values here
are averaged over a wide height range at 20-27 km, it is diffi-
cult to clearly observe the effects of the QBO and convective
activity on the variations in N2.

3.2 Latitude-time distribution of GW activity

We investigated a latitude—time distribution of the monthly
mean values of EJ ES' and p and examined their rela-
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Figure 7. Same as Fig. 6 except in the tropics at 20° S-20° N

tion to topography and the background mean zonal wind
velocity (U) in the 70-20hPa level. Figures 6, 7, and 8
show such distributions in three latitude ranges: 20-70° N,
20° S-20° N, and 20-70° S, respectively. In Figs. 6-8, pan-
els (a) and (b) show the result over two selected longitude
regions (a) and (b) in Fig. 1, respectively. The mean topogra-
phy in each longitude region is also plotted in Figs. 6-8. The
values of E;, E5, Ep%, p, and U were averaged in their re-
spective longitude ranges. Since p has a negative value, we
plot the absolute magnitude of p.

Figure 6a and b show latitude—time variations in Eg Eg’
Ep %, and the absolute values of p and U for the two longi-
tude ranges (a) and (b), respectively. In Fig. 6a, Eg clearly
showed an annual cycle, having large Eg in winter, which
correlated with the evolution of U at latitudes higher than
45° N. ES had a good correlation with the eastward jet stream
during December to February, although the wind strength
at mid-latitudes in the NH was about 20ms~1, which was
weaker than at high latitudes (about 30-40 ms—1). The dura-
tion of the Eg' enhancement was longer than E; moreover,
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Figure 8. Same as Fig. 6 except in the SH at 20-70° S.

the core of large ES occurred at lower latitudes at 25-40° N.

The distribution of Eg seems to be considerably related to
topography of the Tibetan Plateau, although the wave activ-
ity also coincided with U. On the other hand, Eg is primarily
affected by U.

Absolute p values show an annual cycle ranging between
2.5 and 3.5. Distribution of p is similar to Eg having abso-
lute p values close to 3 in winter months at 30-55° N. Note
that the spectral slope became steeper than the model (—3)
in region (a) when ES was enhanced. On the other hand, ab-
solute p was as gradual as about 2.4 to 2.7 when ES was
smaller. The magnitude of absolute p over the ocean was
smaller than that over land. Enhancement of E,f indicated
that more GWs with short vertical wavelengths are saturated,
resulting in the absolute p close to a theoretical value. Note
that the large absolute p below 30° N in summer (July) could
be affected by GWs in the tropics.

In Fig. 6b, Eg showed similar latitude—time variations like
in region (a), showing a good correlation with U, but the
magnitude of Eg was in general about 60 % of the values
in region (a), indicating a contrast between the two longitude
regions dominated by topography and ocean. In region (b),
which has less topography except at 55-70° N, Eg was still
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related to the topography and the zonal winds U. Eg at mid-
dle latitudes reached its maximum in December. The smaller
EJ over the ocean was related to the weakening of U. At
50-70° N, where the Rocky Mountains lie, a larger GW en-
ergy was observed during the winter season due to poleward
shift of jet streams. It is noteworthy that U at 20-55° N in
region (b) showed two enhancements, and these structures
seemed to be reflected in Eg . Large U occurred over topog-

raphy, so it is difficult to distinguish its effects on Eg The

absolute p became close to 3 when ES was larger.

In Fig. 6a and b, we plotted E}%% in order to investigate
relative contribution of Eg to E,. Large Eg was concen-
trated in winter months and smaller in summer over all lati-
tudes, while ES has a more extended distribution with sea-

son; therefore, the relative contribution of ES to the total
GW activity was greater (about 30 %) in summer. This im-
plies that long vertical scale GWSs are mostly generated by
the effects of the background mean zonal winds, while short
vertical waves are excited by various mechanisms in addition
to the background mean zonal wind.

These results are basically consistent with Alexander et
al. (2008a). Note that Eg tended to become larger at low lat-
itudes below about 25° N, which is more clearly recognized
in region (b) (Fig. 6b). This distribution appears to be related
to the large enhancement of Eg in the tropics as explained
later.

We show in Fig. 7 the distributions of GW parameters in
the tropics which exhibited similar characteristics between
region (a) over the Indonesian maritime continents and re-
gion (b) over the Pacific Ocean. The magnitude of Eg was

about one-third of Eg and it depicted an annual cycle with

the maximum from December to February. Larger Eg was
found in this period, coinciding with low OLR (tall clouds)
in Fig. 5. Active convection during December to February
seems to generate GWSs, which then penetrate to higher alti-
tudes, causing an increase in EJ. Alexander et al. (2008b)
depicted the enhancement of GW energy from January to
April in 2008, associated with low OLR and the beginning
of the eastward phase of the QBO. However, the magnitude
of Eg was not always larger over region (a), where OLR val-
ues were generally much lower than in region (b), as seen in
Fig. 5. In general, absolute p was consistent with the model
value of 3, but it sometimes became 3.5. An annual cycle
most clearly appeared in absolute p, showing steeper slope
during convectively active periods. Further, a contrast in the
absolute p distribution between regions (a) and (b) was also
recognized, showing a steeper slope in the former region,
which could be related to the differences in cloud activity.
The zonal winds (U) showed characteristics of the QBO with
some longitudinal differences between regions (a) and (b).
The above results suggest that cumulus cloud convection
seems to have a significant effect on GWSs. Although the an-
alyzed periods are too short to clearly identify the effects of
the QBO on E; and Ej, the QBO cycle seemed to appear
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in Ep %. That is, when the QBO was westward during July
to October in 2008, E, % was about 15 %, which is much
smaller than in the same months in 2007 and 2009. Ep %
mostly ranged from 30 to 45 % during the eastward phase of
the QBO in 2007 and 2009. Note that Ep % at middle lat-
itudes in Fig. 6 was as large as 40%, but in the tropics it
sometimes exceeded 45 %.

Figure 8 shows results similar to Fig. 6 except in the SH.
An annual cycle of U was more prominent than in the NH,
having large U during winter from April to October. Eg inre-
gion (a) showed an annual cycle at 20-45° S, coinciding with
the westward winds of U. In addition, a secondary enhance-
ment of E] seemed to appear at 20-25° S during December—
February, probably due to the effect of tropical convection.

Such seasonal variations were also seen in region (b).
However, at 45-65°S in region (a), the annual cycle seen
at low latitudes became unclear, indicating a gap at around
45° S, However, in region (b), the seasonal cycle was ex-
tended smoothly down to about 55°S. Thus, effects of to-
pography (Australian continent) seem to be important in the
E, variations in region (a). In the Antarctic region, £, be-
came maximum in spring, showing a good correlation with
the polar vortex (Yoshiki et al., 2004; Baumgaertner and Mc-
Donald, 2007; Hei et al., 2008; Sato et al., 2012). The differ-
ences in the magnitudes of Eg between regions (a) and (b)
could be attributed to the difference in topography.

The magnitude of U showed a sharp decrease in October at
high latitudes due to breakdown of the polar vortex. The core
of U existed at around 60° S, and the weakening of U started
at low latitudes during July—August, and then it progressed
toward the polar region. Such behavior of U seems to be re-
flected in the time-latitude evolution of GW characteristics,
which can be more clearly seen in Eg and p. This interesting
feature in the latitude—time variations in GW characteristics
was most evident in p in region (a).

4 Comparison of seasonal cycles among different
parameters

We investigated the correlation between the latitude mean

values of GW parameters and zonal winds using a time series

of standard score (z score) defined below (Wu et al., 2001):
X —

a="r )

o

where x;, which is supposed to have a Gaussian distribution,
is the time series of a variable; « and o are the mean and
standard deviation of x;, respectively. Figures 9 and 10 show
z scores of Eg and ES as well as absolute values of p and
U and the corresponding smoothed variation after applying
a 3-month running mean. We tested and found that the GW
parameters, in general, follow a Gaussian distribution. In par-
ticular, u and o for absolute p were about 2.7 and 0.14, re-
spectively. Therefore, a positive z score for absolute p indi-
cates that the analyzed absolute p is close to the model value
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Figure 9. Monthly values of z scores shown by squares, asterisks,
stars, and circles for EJ (black), Eg (green), absolute of p (blue),
and U (red), respectively, in the selected latitude and longitude
ranges as shown on the top left of each panel. Smoothed lines are a
3-month averaging. See text for more detail.
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Figure 10. Same as Fig. 9 except for the equatorial region. The
z score of monthly mean of OLR were also plotted (triangle point
and magenta line).

(p =—3). A positive z score for U corresponds to the east-
ward winds.

In Fig. 9 we selected the latitude range 30-50° N in region
(a) as plotted in panel (a). In region (b) the z scores in the
latitude ranges 30-50° N and 50-70° N are shown in panels
(b) and (c) in order to examine the relationship between the
GW parameters and the zonal winds by considering the dif-
ference in topography (see Fig. 1). We also show in panel (d)
of Fig. 9 the z scores at 45-65° S in region (b). Note that no
significant topography exists for cases (c) and (d). In Fig. 10,
we selected 10° N-10° S in regions (a) and (b), and we added
the z score for OLR data (note: the sign is reversed) to inves-
tigate the effects of convective activity.
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In Fig. 9, E]T, Eg and p are generally correlated well in
all cases, particularly in panels (a) and (b). This indicates
that when the GW activity was higher (larger Eg ), the spec-
tral slope became steeper (larger absolute p) approaching the
saturated model spectrum. At 30-50° N in region (a) and 50—
70° N in region (b) in Fig. 9a and b, it is prominent that £,
Eg’ and p are correlated very well with U. The z scores show
a clear annual oscillation with maximum and minimum dur-
ing November—January and June—August, respectively. At
30-50° N in region (b) in Fig. 9c, an annual variation in U
was not dominant, but a semi-annual cycle was also recog-
nized, and the amplitude of the mean wind velocity in Fig. 6
was weaker compared to other cases in Fig. 9a and b. How-
ever, Eg ES and p generally followed variations in U, al-
though the correlation coefficient was smaller, such that it
was about 0.48 and 0.35 for U vs. Eg and U vs. p. These
results suggest that GWs at the middle and high latitudes are
mainly related to the background mean winds, and they seem
to be reinforced by topography.

Figure 9d shows the z scores in the SH in region (b) with-
out significant topography. An annual cycle is seen in all pa-
rameters in Fig. 9d. Cross-correlation coefficients between U
VS. Eg and U vs. p are 0.52 and 0.60, respectively, and there
was a time lag of about 2 months, which is different from the
case in the NH shown in Fig. 9c. This time delay might be
attributed to the latitudinal shift of U toward the South Pole
from the middle of year to the winter months.

In Fig. 10, an annual oscillation of Eg is seen clearly in
region (a), whereas Eg was enhanced during the early years
of 2007 and 2008, coinciding with the active phase of cu-
mulus convection (see Fig. 5). The enhancement of Eg is not
clear in region (b), probably due to weaker convection. These
results indicate that GW generation is related to the tropical
convection. The Eg decrease in January 2009 corresponds to
the reversal of U, affected by a QBO phase (Randel and Wu,
2005; Ryu and Lee, 2010).

5 Latitudinal distribution of GW potential energy

Figure 11 shows the ratio of E3 to its theoretical value for the
saturated GWs with wavelengths between 0.5 and 1.75km.
The model GW energy was estimated by using the observed
N2. The ratio at 10° S-10° N latitude showed a steady en-
hancement, exceeding 1.0, regardless of season and longi-
tude. The ratio at middle latitudes in the NH in region ()
was significantly enhanced in winter, being close to 1.0, sug-
gesting the evident effects of topography in generating GWs
by the Tibetan Plateau, located at around 30-50° N (Alexan-
der et al., 2008a; Hei et al., 2008). At 50-80° N the ratio was
about 0.6-0.75 in winter, again indicating a relationship with
topography (refer to Fig. 1). In winter, at 30-60° S, the ra-
tio was about 0.6, suggesting the effect of the topography of
Australia and New Zealand in regions (a) and (b), respec-
tively, and the ratio became as small as 0.4-0.5 over 60° S.
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Figure 11. Ratio of the observed Eg to the model value by saturated

GW theory during November—December—January (NDJ, solid line)

and June-July—August (JJA, dashed line). Blue and black lines cor-

respond to the ratio in region (a). Red and green lines correspond to

the ratio in region (b).

In summer, the ratio was as small as 0.3 at 50-70° N in
both regions (a) and (b), while in the SH the ratio was slightly
larger at about 0.4 at 40-60° S, but only in region (b). In re-
gion (a) at 50-70° S, the ratio became about 0.5-0.7, because
Eg was still large in November as recognized in Fig. 8.

6 Concluding remarks

We analyzed the characteristics of GWSs in the lower strato-
sphere using temperature profiles obtained with the COSMIC
GPS-RO mission. We used high-vertical-resolution profiles
retrieved by the FSI method over a period of 3 years from
January 2007 to December 2009.

First, we examined the latitude—time variations in N2 us-
ing GPS-RO profiles. The results indicated larger N2 values
in winter at high latitudes in the NH and the SH, showing
an annual oscillation. The variation in N2 in the polar re-
gion of the NH was slightly different than that in the SH,
probably because of the effect of the sudden stratospheric
warming in the NH. Because the GW model spectral den-
sity is proportional to N2, an increase in N2 in the polar re-
gion could cause larger GW energy. The effects of the QBO
and convective activity in variations in N2 were not clear in
the equatorial region, because the N2 values were averaged
over 20-27 km height range. We also investigated the height—
latitude distribution of N2 at the longitude region 90-150° E,
then we selected the height range between 20 and 27 km for
a spectral analysis, because N2 did not vary greatly along the
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altitude over the entire latitude range. This height range is not
influenced by sharp temperature variations near the tropical
tropopause and the maximum height for a reliable FSI profile
(Tsuda et al., 2011).

We analyzed vertical wavenumber spectrum of the normal-
ized temperature perturbations, and calculated the wave po-
tential energy Eg and Er? in the wavelengths ranges from 0.5
to 3.5 kmand from 0.5 to 1.75 km, respectively. We estimated
the spectral slope p in the wavelength range from 0.5 to
1.75 km, where a model saturated spectrum can be compared.
We also defined Ey % as the percentage of ES contributed to

the total potential energy Eg . We investigated latitude—time
variations in these spectral parameters over two longitude re-
gions: (a) 90-150° E and (b) 170-230° E; topographical vari-
ations are larger in region (a), while oceans dominated re-
gion (b). We investigated the correlation between the spec-
tral parameters with topography and the background mean
zonal winds (U) at three latitude ranges: 20-70° N in the NH,
20° N-20° S in the tropics, and 20-70° S in the SH.

Inthe NH, E; and Ej were clearly correlated with U and

topography, showing enhanced Eg and ES in winter, and the

magnitude of E and ES was larger in region (a) than in re-
gion (b). We defined an annual variation in absolute p in the
NH, being close to 3 in winter and ranging from 2.4 to 2.7
in summer. In both (a) and (b), absolute p correlated well
with Eg and ES U behaved differently in the SH than in the
NH, showing a latitudinal progression towards the polar re-
gions (from 20 to 60° S) from April to October. Meanwhile,
the fluctuation of £, and EJ was affected by cloud convec-
tion and related to the QBO zonal winds in the tropics. Ep %
was 26—40 % in both the NH and the SH and 30-45 % in the
tropics.

We also examined the cross correlation of time variation
in standard z score value between E;, E3, p, and U. The z

scores of U, Eg : Eg and p correlated very well both at 30—
50 and 50-70° N of regions (a) and (b), respectively, where
topography exists. However, the z scores at 30-50° N of re-
gion (b) showed an overlapped semi-annual oscillation. The
ratio of ES with the saturated GW model spectrum was rel-
atively stable in the SH, ranging from 0.4 to 0.6, but in the
NH it showed large variations from 0.3 to 1.2, depending on
topography, and showed a clear contrast between winter and
summer. In particular, the ratio exceeded 1.0 in winter at mid-
dle latitudes in the NH in region (a), indicating an important
effect of topography. It is also noteworthy that the ratio of
ES' in the tropics was steadily large at 1.0-1.2 regardless of
season and longitude. In particular, over the Equator the ratio
was 1.2-1.3 throughout a year.

We studied the vertical wavenumber spectra of saturated
GWs using high-resolution COSMIC GPS RO data. These
results show the superiority of the high vertical resolution of
COSMIC GPS-RO derived using the FSI method.
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