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Abstract

We have analyzed small-scale fluctuations of temperature in the stratosphere using radio occultation
data from the GPS/MET (GPS/Meteorology) experiment. From this, we have determined a vertical wave
number spectrum of the normalized temperature fluctuations (T'/T) at 20-30 km and 30-40 km during
three periods in June/July 1995, October 1995 and February 1997. The spectra at 20-30 km in the
equatorial region in February 1997 agreed very well with radiosonde results in Indonesia as well as with
a model spectrum assuming a linear saturation of gravity waves. We have found that the GPS radio oc-
cultation technique could measure meso-scale temperature perturbations in the lower stratosphere with
a vertical wavelength down to 400 m. We have investigated the dependence of the mean wave number
spectra on latitude, height and season. At 20-30 km the power law index for short wavelengths (<2 km)
was about —3, consistent with a saturated gravity wave model. However, the spectral density was
sometimes smaller than that predicted by the model. At 30—-40 km both the spectral slope and density
agreed well with the model for wavelengths shorter than about 1.5 km, though the slope was more
gradual for small m. We have calculated the variance (T'/ T)2 integrating the spectra in two vertical
wavelength ranges: 10-2.5 km and 2-0.4 km, and estimated potential energy per unit mass (Ep). Sea-
sonal and latitudinal variations of Ep were evident at 20-30 km, in particular, Ep was highly enhanced
near the equator for both long and short wavelength ranges. At 30-40 km the enhancement of Ep at low
latitudes became less evident than at 20-30 km.

1. Introduction ellite remote-sensing techniques as well as
in-situ measurements. MST (mesosphere-
stratosphere-troposphere) radars and lidars
have provided detailed time and height struc-
tures of gravity waves in the troposphere and
middle atmosphere, by taking advantage of
their high resolution, continuous observations.
These techniques are utilized, for example, to
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It is now widely recognized that atmo-
spheric gravity waves play a very important
role in middle atmosphere dynamics. Gravity
wave behavior has been studied by using
data-sets collected with ground-based and sat-
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iations of the gravity wave characteristics,
which are crucial in estimating the wave fore-
ing on the general circulation, are difficult to
establish with the ground-based techniques,
since observation sites are limited in number.

The latitude distribution of gravity wave
activity in the stratosphere was first studied by
Hirota (1984) by using routine meteorological
rocketsonde data. The analysis was further
expanded for long-term meteorological rocket
soundings, mostly distributed in the northern
hemisphere, to describe the seasonal and geo-
graphical variability of temperature and hori-
zontal wind velocity fluctuations at 20—-60 km
caused by gravity waves (Hamilton 1991; Eck-
ermann et al. 1995). These studies clarified
that -at middle and high latitudes the gravity
wave activity showed a clear annual variation
with a maximum in winter, consistent with
MST radar observations (Murayama et al. 1994).

Horizontal distribution of meso-scale distur-
bances was studied using measurements from
satellites equipped with LIMS (Limb Infrared
- Monitor of the Stratosphere) (Fetzer and Gille
1994). Wu and Waters (1996a,b) analyzed a
global morphology of radiance fluctuations with
a horizontal scale smaller than about 100 km
in the upper stratosphere and mesosphere (30—
80 km) from high-resolution measurements
with the Microwave Limb Sounder (MLS) on
board the Upper Atmosphere Research Satel-
lite (UARS). A recent study by Jiang and Wu
(2001) further clarified dependence of the radi-
ance fluctuations on viewing angle of MLS as
well as the effects of Doppler shifting by the
background winds. Using the UARS/MLS data
with a horizontal resolution of about 15 km,
McLandress et al. (2000) also determined sea-
sonal and geographical distributions of gravity
waves, having vertical wavelengths longer than
about 20 km.

Temperature fluctuations with short vertical
wavelengths and relatively large horizontal
- scale were observed with CRISTA (Cryogenic
Infrared Spectrometers and Telescopes for the
Atmosphere) aboard the space shuttle (Eck-
ermann and Preusse 1999; Preusse et al. 1999).
Using high resolution temperature profiles ob-
tained by the GPS/MET (Global Positioning
System/ Meteorology) experiment, Tsuda et al.
(2000) determined a global distribution of
gravity wave potential energy per unit mass
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(Ep = 1/2(g/N)*(T"/T)?) with a vertical wave-
length ranging from about 1.5 km to 10 km.
Preusse et al. (2000) showed that the lat-
itudinal distribution of Ep at 25-40 km was
consistent between the CRISTA and GPS/MET
results, showing large Ep at low latitudes,
therefore, active wave generation by tropical
convection was suggested. At higher altitudes,
a latitude region of enhanced wave activity
shifted toward middle and high latitudes of
the winter hemisphere. Large Ep in the equa-
torial stratosphere was also recognized in rock-
etsonde (Eckermann et al. 1995) and radio-
sonde (Allen and Vincent 1995) studies.

Eckermann et al. (1995) clarified that wave
energy at 20-40 km in the tropics could be
contaminated by Kelvin waves and other equa-
torial waves. A recent study by Holton et al.
(2001) reported the existence of a Kelvin wave
with a vertical wavelength of about 5 km,
therefore, the observed Ep in the tropics could
include the effects of such waves. One of the
major purposes of this study using GPS/MET
data is to determine latitude dependence of
temperature variance, having vertical wave-
lengths shorter than about 2 km, which is
mostly contributed by gravity waves.

Since temperature and wind velocity fluctua-
tions appear as a superposition of many gravity
waves with various temporal and spatial scales,
they may be described by a continuum spec-
trum in terms of frequency (w), vertical and
horizontal wave numbers (m and k, respec-
tively). In particular, the observed vertical
wave number spectrum for meso-scale fluctua-
tions of both temperature and horizontal wind
velocity are commonly approximated by m=3 for
large m (Fritts et al. 1988; Tsuda et al. 1989,
1991; Allen and Vincent 1995). Several theo-
retical models have been proposed to explain
the observed universal spectral shape (e.g.,
Smith et al. 1987; Hines 1991).

In particular, assuming wave breaking by
convective instability, Smith et al. (1987)
showed that at large m the saturation limit
of the spectral density is determined by the
atmospheric stability. Fritts and VanZandt
(1993) employed the m spectrum proportional
to

A(p) = Aopt* /(1 + ), (1)

which was originally introduced as a model
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of the oceanic wave field by Desaubies (1976).
Here, Ap is a normalization factor and u =
m/m*, where m* is the characteristic wave
number. Note that s and ¢ are a constant, and ¢
is normally assumed as 3. A saturated spec-
trum for the normalized temperature perturba-
tions (T'/T') can be approximated as

Fryr(m) = N*/(10g°m?), (2)

for m » m*, where N and g are the Brunt-
Vaisala frequency and acceleration of gravity,
respectively (Tsuda et al. 1991). While, for
m «m* the spectral slope becomes flat or
slightly positive, depending on s.

Tsuda et al. (1991) tested Eq. (2) for observed
spectra obtained from campaign radiosonde
soundings with a height resolution of 150 m
at Shigaraki, Japan (35°N, 136°E). The ob-
served spectral density in the lower strato-
sphere (18.5-25 km) in winter months ex-
ceeded the model prediction by factors of 1.3 to
1.9, and the power law index ranged from —2.9
to —3.2, indicating usefulness of the model. In
the summer stratosphere, however, the spec-
tral density was about half that predicted by
the model, with the spectral slope ranging from
-2.2 to —2.4. A climatological study of the
temperature spectra in the lower stratosphere,
using high-resolution routine balloon sound-
ings over Australia, indicated that the spec-
tral density was consistent overall with Eq.
(2), while the spectral slope was about —2.5,
slightly shallower than the model prediction
(Allen and Vincent 1995).

Taking advantage of the high-resolution
GPS/MET profiles, Steiner and Kirchengast
(2000) analyzed a vertical wave number spec-
trum of temperature perturbations, which had
been difficult to determine by conventional sat-
ellite measurements with a coarse height reso-
lution. Using a few hundred GPS/MET occulta-
tion data collected on October 20 and 21, 1995,
they showed that for wavelengths longer than
about 2—-5 km the analyzed spectra were gen-
erally consistent with a model spectrum of sa-
turated gravity waves (Smith et al. 1987). The
spectral density at low latitudes (30°N-30°S)
was twice as high as that at higher latitudes.
Steiner and Kirchengast, however, reported
that the published GPS/MET data underesti-
mate the spectral density for vertical wave-
lengths shorter than 2 km.
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In this paper we first optimize our data anal-
ysis for recovery of the temperature profile,
aiming at defining and improving the accuracy
and height resolution of the GPS/MET profiles.
We retrieve temperature profiles from the GPS
phase signals (Level-2 data) by adjusting anal-
ysis parameters. Then, we determine a vertical
wave number spectrum of T'/T in the strato-
sphere, and compare it to nearby radiosonde
results and a model spectrum. We also discuss
the sensitivity of the radio occultation tech-
nique for small-scale atmospheric fluctuations.
Further, we investigate latitude variations of
the spectra at 20-30 km and 30-40 km dur-
ing three selected time periods of higher GPS
signal quality (“prime times”), collected in
June/July 1995, October 1995 and February
1997. Note that during a prime time both anti-
spoofing (A/S) encryption and selective avail-
ability of the GPS system were turned off for
the GPS/MET experiment in order to enable a
higher precision of GPS atmosphere profiling.

2. Retrieval of temperature profiles with
the GPS occultation technique

2.1 Outline of the GPS| MET experiment

The GPS/MET (Global Positioning System/
Meteorology) project, initiated by UCAR (Uni-
versity Corporation for Atmospheric Research),
launched a GPS receiver aboard a small satel-
lite (Microlab-1) on April 3, 1995, into a low
earth orbit (LEO) (Ware et al. 1996). The re-
ceiver recorded phase path delays of signals
from GPS satellites setting behind the Earth’s
limb. This measurement technique is called ra-
dio occultation or active GPS limb sounding. By
applying the Abel transform, height profiles
of atmospheric refractive index were obtained
in the troposphere, middle atmosphere and
ionosphere from April 1995 to February 1997
(Rocken et al. 1997). A new global data set of
high-resolution profiles of temperature, humid-
ity and electron density has been generated by
the GPS/MET mission. In particular, by as-
suming the hydrostatic relation for a dry atmo-
sphere, temperature is determined with high
accuracy in the upper troposphere and strato-
sphere (from 5-10 to 60 km) (Rocken et al.
1997).

The accuracy of the radio occultation tech-
nique has been studied, considering a variety of
possible errors (Kursinski et al. 1997). Com-
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paring a GPS/MET temperature profile with a
nearby radiosonde sounding, Nishida et al.
(2000) reported that GPS/MET can detect a de-
tailed temperature profile including a sharp
temperature inversion around the tropical tro-
popause. Rocken et al. (1997) conducted a vali-
dation study of GPS/MET temperature profiles
and compared them with data from other inde-
pendent sources, such as radiosondes and other
satellite measurements as well as model analy-
ses. The rms temperature difference was found
to be about 1 K in the upper troposphere and
increased to 2 K in the stratosphere. The in-
crease was partially attributed to spatial var-
iations of temperature fluctuations caused by
atmospheric waves (Tsuda et al. 2000). Re-
cently, Palmer and Barnett (2001) and Gor-
bunov and Kornblueh (2001) demonstrated
the usefulness of GPS occultation data by com-
paring the GPS/MET results with numerical
weather prediction models.

2.2 Optimization of bending angle profile

The fundamental principle of occultation
measurement with GPS radio signals is related
to the determination of bending angle («) of the
propagation ray path as a function of the tan-
gent height of the ray (Ware et al. 1996). Then,
a can be converted to a refractive index profile,
which is related to atmospheric parameters,
such as temperature, pressure and humidity.

We describe here an optimization procedure
of a. First, the observed bending angle (a,)
is used without correction below 30 km. A
model profile («,,) is defined by using MSISE-
90 (Mass Spectrometer and Incoherent Scatter
Extended atmospheric model) (Hedin 1991)
above 30 km, where «,, is smoothly connected
to a, at 30 km. Above 70 km «,, is used without
referring to «,. Between 30 and 70 km, « is op-
timized by comparing «, and «, in order to
suppress noise. Sharp gradients of the bending
angle profile due to noise can introduce serious
errors or a failure of the subsequent tempera-
ture retrieval via inverse Abel transform. To
avoid such errors, deviations of o, from ap,
are controlled and reduced by calculating the
weighted means between «, and o,,, where a
weighting function is defined as

W =1/(1+ |oy — om|/0.20,). (3)

As a result, amplitudes of the « fluctuations
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are somewhat suppressed. For example, the
weighting coefficient (W) becomes 0.5 for a 20%
difference.

We have derived a vertical profile of W for 82
GPS/MET occultation data on July 3, 1995
during a prime time. We have found that W
was nearly constant at 0.7-0.8 at 30-40 km.
This means that any deviation of «,, consisting
of both stationary and fluctuating components,
are reduced by 5-8.6% at 30-40 km. Note that
we are unable to separately estimate the re-
duction rate of o, between the mean and per-
turbation components, where the latter is pre-
sumably caused by gravity waves. Above 40 km
W rapidly decreased, which indicates that de-
viations of the resultant o from o, were sig-
nificantly suppressed.

We have also analyzed 98 events on October
23, 1996 under A/S-on conditions. It has been
reported that with A/S-on the effects of iono-
spheric correction could produce artificial fluc-
tuations in the GPS/MET profiles down to
about 30 km due to low SNR of the L2 band of
GPS signal (Rocken et al. 1997). We have found
that W linearly decreased from 0.75 at 30 km
to 0.3 at 50 km, which indicates that the height
structure of o may not fully reflect actual at-
mospheric phenomena even below 40 km.

To summarize, we have restricted our analy-
sis of stratospheric gravity waves to the GPS/
MET data during the prime time and below
40 km. '

3. Analysis of Fr//r(m) using GPS/MET
data

3.1 Comparison of Fr.)p(m) between
GPS/MET, radiosonde and model results
From Level-2 data of GPS/MET we have re-
trieved temperature profiles by changing the
data smoothing range, which is related to the
height resolution of the profiles. Smoothing of
the time series of the phase path was per-
formed by a sliding cubic polynomial fit (in-
cluding singular value decomposition). Within
this procedure the time derivative of the phase
path delay is also obtained, which is used
for calculation of Doppler frequency shift and
bending angle. In the following, the number of
points of the data window of the polynomial
fit is called Nagorr, where ASOFF stands for
“anti-spoofing off”. Note that we have used a
retrieval algorithm developed by Hocke (1997),
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Fig. 1. Vertical wave number spectrum
of the normalized temperature fluctua-
tions at 20-30 km from GPS/MET data
collected in a latitude band from 20°N
to 20°S in February, 1997. Thick-solid,
dashed and chained lines correspond
to the spectra from GPS/MET tem-
perature retrievals with the number
of smoothing data points (Nasopr) of
30, 20 and 10, respectively (Hocke,
1997). The dotted line indicates a model
spectrum of saturated gravity waves,
shown in Eq. (2) (Smith et al. 1987).
The thin-solid line shows an average
spectrum from 78 radiosonde soundings
at Pontianak (0°, 109°E), Indonesia in
January—February 1997.

whose basic algorithm is similar to that used at
UCAR (Rocken et al. 1997).

From temperature fluctuations evident in the
retrieved temperature profiles, 7'(z), we have
computed and analyzed power spectral den-
sities of normalized temperature fluctuations
(T'/T). Figure 1 shows a vertical wave number
spectrum of (T"/T) at 20-30 km by using GPS/
MET data collected during a prime time on
February 2-10, 1997. Note that m in Fig. 1
corresponds to 1/(vertical wavelength), not 27/
(vertical wavelength), thus, its unit becomes
cycles/'m. The smoothing range of phase data
(Nasorr) was set equal to 10, 20 and 30, where
Njsorr = 30 nearly corresponds to the results
published by the GPS/MET office at UCAR. We
have averaged 83 spectra obtained in a latitude
range from 20°N to 20°S. The spectral density
agreed well for m = 2-5 x 10~ (cyc/m) between
the three determinations. Note that the first
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spectral point was affected by a window func-
tion used in the spectral analysis, therefore, it
is less significant. For m < 5 x 10~ (cyc/m) the
spectral density with Nasorr = 30 and 20 was
depressed compared to that with Nagorr = 10.

The spectra are compared in Fig. 1 with a
radiosonde result from the tropics. The thin
solid line corresponds to a mean spectrum for
78 soundings, with a height resolution of about
100 m, obtained during a campaign observation
at Pontianak (0°, 109°E), Indonesia from Janu-
ary to February, 1997. We also show in Fig. 1 a
model spectrum defined by Eq. (2) for large m
(Smith et al. 1987).

The GPS/MET spectrum with Nasorr = 10
agrees very well with both the radiosonde re-
sult and the saturated model spectrum partic-
ularly for large m. On the other hand, the
spectral density for the other two GPS/MET
spectra differ significantly for m <5 x 104
(cyc/m). Figure 1 suggests that GPS/MET can
measure gravity waves with a vertical wave-
length down to about 400 m at 20-30 km alti-
tude.

Applying the same procedure, we have ana-
lyzed vertical wave number spectra at 30—
40 km and 40-50 km as shown in Fig. 2. At
30—-40 km the spectrum with Nasorr = 10
agrees well with a theoretical saturation limit
for large m. However, the spectral density
seems to become smaller than the model pre-
diction for small m. At 40-50 km observed
spectral density exceeded a theoretical model
probably due to spurious temperature fluctua-
tions caused by ionospheric correction and re-
ceiver noise. Therefore, the spectra at 40-
50 km were not used in the following analysis.

3.2 Height resolution of GPS occultation
measurements

In the previous section we have investigated
how far the small scale part of the vertical
wave number spectra observed by GPS/MET
can be used for meteorological studies. We have
shown that the observed spectral slopes and
spectral density of the vertical wave number
spectra are consistent with model predictions of
saturated gravity wave spectra. However, we
do not clearly define the resolution of the GPS
occultation measurements, because the above
conclusions mainly rely on an empirical test. In
the following, we discuss the resolution of GPS
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Fig. 2. The same as Fig. 1 except for the GPS/MET spectra at 40-50 km (top) and 30-40 km (bottom).

occultation measurements of small-scale fluc-
tuations. Coherent weak scattering of GPS sig-
nals by atmospheric irregularities is assumed
to explain the sensitivity of GPS radio occulta-
tion at small scales.

For a radio occultation measurement the
GPS receiver on the LEO satellite selects a ra-
dio link to a GPS satellite setting behind the
Earth’s limb. The effective sounding volume
can be described as a tube with a diameter of
around 1 km and a length of less than a few
hundreds kilometers. This tube is elongated
along the radio ray from the LEO to the GPS
satellite and centered at the ray tangent point,
which is the point of closest approach of the ra-
dio link to the Earth’s center. The movement of
the sounding volume (or tangent point) inside
the atmosphere during a radio occultation
mainly depends on the angle between the ve-
locity vector of the LEO satellite and the radio
link vector, that is, the vector pointing from
LEO to the GPS satellite.

The GPS/MET mission favored the sounding
of the atmospheric limb in the anti-velocity di-
rection of the Microlab-1 satellite. In this case
the tangent point moves downward through the

atmosphere, with a vertical velocity of around
2.5-3 km/s. The GPS receiver records spatial
and vertical irregularities of the atmosphere as
temporal fluctuations of the signal-to-noise ra-
tio and phase path excess of the GPS signal.
The sampling frequency of the GPS/MET ex-
periment is 50 Hz, and so it is possible to re-
solve fluctuations with frequencies less than
the Nyquist frequency of 25 Hz, corresponding
to irregularities with vertical wavelengths >
100 m (=2.5 km/s/25 Hz).

The phase path fluctuations are mainly gen-
erated at the ray tangent point, while GPS
amplitude fluctuations are generated by atmo-
spheric irregularities along the whole ray path
(Haugstad 1981; Hinson and Tyler 1983). In
the present study we derive the temperature
profile from the measurement of phase path
excess, and fluctuations of phase path are in-
verted into temperature fluctuations.

For interpretation of the vertical wave num-
ber spectra of the temperature profiles we keep
in mind that the spectra can be influenced by
several effects. The most important are (1) the
effect of anisotropic irregularity distribution on
absolute value and spectral slope of the power
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spectrum, (2) underestimation of small scale
horizontal variations due to “smoothing out”
along the ray path tube, and (3) the Fresnel fil-
tering effect on irregularities with scales com-
parable to or less than the first Fresnel zone
diameter, which is around 1.4 km for GPS/
MET observations at stratospheric heights. At-
mospheric structures with vertical wavelengths
similar to the Fresnel zone diameter can be
emphasized in the power spectrum. This is due
to interference effects of the GPS radio wave
field after passing atmospheric irregularities at
the Earth’s limb (Karayel and Hinson 1997).
Averaging of many GPS/MET spectra signifi-
cantly diminishes the influence of the three
critical effects mentioned above.

Earlier studies by the planetary science com-
munity gave evidence that radio occultation
spectra can provide quantitative estimates of
atmospheric wave distribution, turbulence
(sub-Fresnel zone range), and anisotropy of
irregularities for various planets of our solar
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system (e.g., Hinson and Tyler 1982, 1983;
Haugstad 1981). Using a weak scattering
theory and a phase screen approach, these sci-
entists developed a data analysis method to
derive the complete vertical wave number
spectra observed during planetary occultation
measurements by the Mariner, Pioneer and
Voyager missions. Detailed description of the
small-scale irregularity distribution of the
Earth’s atmosphere will be feasible by collec-
tion of more GPS radio occultation data and by
more advanced data analysis and validation.

4, Seasonal and latitudinal variations of
Fpr(m) at 20-40 km

Figure 3 shows variations of vertical wave
number spectra with season and latitude at
20-30 km. For this study Level-2 data were
available during three prime time periods: Oc-
tober 10-25, 1995, June 19—July 10, 1995 and
February 2-16,.1997, which could represent
atmospheric conditions for an equinox and two

June 19-July 10,1995  October 10-25,1995  February 2-16, 1997
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Fig. 3. Vertical wavenumber spectrum of T'/T at 20-30 km from GPS/MET data in three prime
times; June 19—July 10, 1995 (left), October 10-25, 1995 (center) and February 2-16, 1997 (right).
From top to bottom rows the latitude range of the analysis corresponds to 40°~60°N, 20°~40°N,
20°N-20°S, 20°-40°S, 40°-60°S, respectively. Each panel shows the number of GPS/MET profiles
as well as a saturated spectrum model by using the observed N2.
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solstices, respectively. We have selected five
latitude ranges (i.e., 40°N-60°N, 20°N-40°N,
20°N-20°S, 20°S—-40°S, 40°S-60°S), but we
discarded data at latitudes higher than 60°,
since the amount of data available rapidly de-
creases there. We have analyzed a total of
about 1200-1500 spectra taken during each
prime time, and determined a mean spectrum
by arithmetically averaging about 150-380
spectra indicated in each panel of Fig. 3. Al-
though we also analyzed data from another
prime time from April 21 to May 5, 1995, only
320 profiles were available from this time pe-
riod, and the mean spectra show considerable
fluctuation. Consequently, the results are not
included in this study, as they are statistically
less significant.

In each panel in Fig. 3, a theoretical satura-
tion limit for large wave numbers defined by
Eq. (2) is also plotted, where the background
N? is determined from the GPS/MET tempera-
ture profiles in the corresponding season and
latitude range.

In the equatorial region (20°N-20°S), the ob-
served spectra in the three periods agreed very
well with the model for m > 5 x 107* (cyc/m),
showing a power law index (logarithmic slope)
of about —3. The observed spectra tended to
differ from the m =3 form for small m, which is
consistent with earlier ground-based studies
(Tsuda et al. 1991; Allen and Vincent 1995).
Although a dominant vertical wavelength of
gravity waves cannot clearly be identified from
a breakpoint of the spectra (Fritts et al. 1988),
it seems to be as long as about 5 km. We esti-
mated a power law index of each spectrum in
Fig. 3 in a wave number range from 5.88 x 10~4
to 1.86 x 1073 (cyc/m) (1.7-0.54 km in wave-
length), and summarized in Table 1. Overall
average of the estimated slope was —3.04,
which is very close to the model prediction.

At extra-tropical latitudes (20°—60°N and
20°-60°S) the spectral density observed in
June—July, 1995 was very close to the satura-
tion limit for large m. However, discrepancy
between observations and the model becomes
larger for small m, which was more evident at
high latitudes.

In October, 1995, the asymptotic slope of the
observed spectra at 20°-60°N and 20°-60°S
ranged —3.0 to —3.4, and the spectral shape
was consistent with the model, but the spectral
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density for large m was only about half of that
predicted by the model. Note that the theoreti-
cal saturation limit is calculated by using the
observed N2, which does not explain the sup-
pression of the spectral density for large m. The
dominant vertical wavelength at 40°—~60°N and
40°-60°S can be inferred as about 3 km.
Figure 4 shows the observed spectra at 30-
40 km in the same format as in Fig. 3. The
spectral slope is gradual for m < 1 x 1073 (cyc/
m), that is, the spectral density was somewhat
smaller than the saturation limit. However, the
spectra for large m are consistent with Eq. (2).
In Table 1, we also summarize a power low in-
dex of the spectra in Fig. 4. Note that we esti-
mated the slope in two wave number ranges:
(a) from 9.80 x 10~* to 2.06 x 103 (cyc/m)
(1.02-0.49 km) and (b) from 3.92 x 10* to
8.82 x 10~* (cyc/m) (2.55-1.13 km). The spec-
tral density more closely approached the theo-
retical limit than that at 20—-30 km, though it
was sometimes smaller than the model, partic-

“ularly at 20°—60°S in October, 1995.

5. Latitudinal variations of stratospheric
gravity wave energy

5.1 Latitude variations of Ep from GPS/MET
results

We have calculated the variance of the nor-
malized temperature perturbations (7"/7T)?, at
20-30 km and 30-40 km, integrating the spec-
tra in Figs. 3 and 4, respectively, in long (10—
2.5 km) and short (2-0.4 km) vertical wave-
length ranges. Then, the wave potential energy
per unit mass (Ep) is calculated by using the
observed N2 in each height range. Latitude
variations of E, in the three observation peri-
ods are shown in Fig. 5. Note that (T"/T)?,
E, and N2 at 20-30 km and 30-40 km are also
summarized in Tables 2 and 3, respectively.

Figure 5 (a) and (b) indicate that Ep in the
two wavelength ranges was enhanced at 20°N-
20°S by 2—-4 times over that at 40°-60°N and
40°-60°S. Between 40°N and 40°S, Ep in Fig.
5 (a) for the long wavelength range was larger
in February than in June, while that for the
shorter range in Fig. 5 (b) was comparable be-
tween February and October. Ep was generally
the smallest in October. At 40°-60°, Ep was
larger in the winter hemisphere, though the
hemispheric asymmetry was smaller for the
short wavelength components.
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June 19-July 10,1995  October 10-25,1995  February 2-16, 1997

height:30-40km lat:n40-n60 height:30-40km lat:n40—n60 height:30~-40km lat:n40—-n60
-

10.0000 N 10.0000 0.0000
400°- 1.0000 \ 1.0000 \‘ 1.0000 \_
60°N ©'°® N 0.1000 N\, 0.1000 N
0.0100 0.0100 N 0.0100 X
oocoiof 237 : o000} 264 N ocoiof 299 y
0.0001 0.0001 0.0001 >
height:30—40km lat:n20-n40 height:30-40km 1at:n20-n40"  height:30—40km lat:n20-n40
20°- 10.0000 .Y 10.0000 Y 0.0000] N
1.0000 N 1.0000 " 1.0000 N
0 N
40°N 1000 \\ 0.1000 \\ 0.1000 \
0.0100 0.0100 0.0100 N
oooiof 151 oot} 202 oooiof 244 \
0.6001 \ 0.0001 : 0.0001 AN
1oog§(i)qht30_40km lat:s20-n20 height:30-40km lat:s20-n20  height:30-40km lat:s20-n20
. N, 10.0000 " 0.0000
0Q . N
20°S- ", 5000 '\ 1.0000 \‘.‘ 1.0000 \\
20°N o.1000 Q 0.1000 \ 0.1000 N,
0.0100 0.0100 0.0100 X
oooi0f 336 oo00f 252 oooiof 384
0.0001 : 0.0001 N 0.0001 ‘
height:30-40km lat:s40-520 height:30—40km lat:s40-520 height:30—40km lot:540-520
10.0000 53 10.0000 - 0.0000
200_ \ N
1.0000 '\ 1.0000 . 1.0000 N
40°S o.1000 N 0.1000 N, 0.1000 N,
0.0100 0.0100 Y 0.0100 A
oooiof 239 0.0010f 250 \ o000} 341
0.0001 o 0.0001 . 0.0001
height:30-40km lot:s60-s40 height:30-40km lot:s60-s40 height:30—40km lat:s60-540
10.0000 — 10.0000 N 0.0000
40°- 10000 N 1.0000 KN 1.0000 o= Model
60°S o©.1000 N, 0.1000 1 0.1000 \‘
0.0100 X 0.0100 % 1 oo X
ooote} 210 S o.0010f 229 N\ 0.0010f 238 \
0.0001 ‘ 0.0001 : 0.0001 b
30 -40km 05 10* 100 102 1073 107% 1073 1072 105 0% 1073 1072
Wave Number (cycle/m) Wave Number (cycle/m) Wave Number (cycle/m)

Fig. 4. The same as Fig. 3 except for the results at 30-40 km.

In Fig. 5 (c) and (d) the Ep at low latitudes is
3.3-3.7 (J/kg) and about 1 (J/kg) for long and

Table 1. Power law index of vertical wave short wavelength ranges, respectively, which
number spectra at 20-30 km and 30- are smaller than those at 20-30 km by a factor
40 km. The index is estimated in a of about 1/2 and 3/4, respectively. Although Ep
wave number range from 5.88 x 10~ to at 30—40 km in Fig. 5 (c) also increased at low

1.86 x 1073 (cye/m) (1.7-0.54 km in
wavelength) at 20-30 km, while, at 30—
40 km it is calculated in two wave
number ranges: (a) from 9.80 x 10~*

latitudes, the enhancement was moderate com-
pared to that at 20-30 km. Ep for the 10-
2.5 km components in Fig. 5 (d) showed a

to 2.06 x 10-3 (cyc/m) (1.02-0.49 km) hgmispheric asymmetry with larger values in
and (b) from 3.92 x 10~* to 8.82 x 10~* winter. Moreover, Ep was smaller in the south-
(cyc/m) (2.55-1.13 km). : ern hemisphere, which does not show signifi-
cant seasonal variations. Ep was generally
2030k June October February smaller in October, except at 40°-60°S for the
30km .
10560 P 3 30 (10-2.5 km) components, though the difference
200-40N 3.1 3.0 2.7 was rather small.
20°N-208 29 3.4 28 In Table 2 we show latitudinal and seasonal
2040 3.0 3.4 2.8 variations of the background N2 at 20-30 km
20608 29 = 28 determined using GPS/MET temperature pro-
30-40km @ _ ® @ ® @ ® files. N2 réached a maximum in the equatorial
40-60:N 35 15 32 21 29 18

region (20°N-20°S), and became smaller at

200-40:N 34 13 32 18 28 16 > o .

20N-205 33 18 a2 18 31 15 40°-60° by }2—17%, whph causes a decrease of
200408 33 -18 32 ‘16 31 15 the theoretical saturation limit by a factor of
4060 32 17 30 15 31 17 0.7-0.8. Seasonal variation of N2 in each lati-
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(a) z=20-30km, 1/m=10-2.5km  (c) z=30-40km, 1/m=10-2.5km

10 T T T 10
g 3
S s IS ]
Q a
w w
0 N 0 N N o
-80 -40 0 40 80 -80 -40 4] 40 80
Latitude (deg) Latitude (deg)

(b) z2=20-30km, 1/m=2-0.4km (d) z=30-40km, 1/m=2-0.4km

2 T 2
° °
X X
N N
Ol 1 2 1
a Q.
w w
0 0 ,
-80 -40 0 40 80 -80 -40 o] 40 80
Latitude (deg) Lotitude (deg)

Fig. 5. Latitude variations of Ep at 20—30 km (left) and 30—40 km (right), calculated by integrating
the temperature variance from spectra in Figs. 3 and 4. Top and bottom rows correspond to Ep in
long (10-2.5 km) and short (2-0.4 km) vertical wavelength ranges. Solid line with diamond, dotted
line with triangle and dashed line with square indicate the results in June, October and February,

respectively.

Table 2. Latitude variations of N2, (T"/T)? Table 3. Latitude variations of N2, (T'/T)?
and E, at 20-30 km estimated from the and E, at 30-40 km estimated from the
observed wave number spectra shown observed wave number spectra shown
in Fig. 3 in two wavelengths ranges: in Fig. 4 in two wavelengths ranges:
10-2.5 km and 2-0.4 km. 10-2.5 km and 2-0.4 km.

N? (T/T? E, (T/TY E, N? (r/T¥ E, (r/Ty E,

20-30 km X10™* x10°% J/kg x10®  J/kg 30-40 km x10™ x10°® J/kg x10°  J/kg

(rad/s)? (rad/s)? )

June 10-2.5 km 2-0.4 km June 10-2.5 km 2-0.4 km
40°-60°N 464 439 455 897 093 40°-60°N 5.04 263 251 956 091
20°-40°N 512 432 405 1056 099 20°-40°N 5.08 275 2560 1052 099
20°N-20°5 | 5.34 1 102 1585 1.42 200N-20°S | 5.09 389 367 1204 114
20°-40°S 521 368 339 943 087 20°-40°S 5.09 326 308 998 094
40°-60°S 501 604 579 983 094 40°-60°S 5.41 272 242 723 064

October 10-2.5 km 2-04 km October : 10-2.5 km 2-0.4 km
40°-60°N 47 192 196 447 046 40°-60°N 513 207 193 798 075
20°-40°N 5.23 296 272 604 056 20°-40°N 5.09 273 258 925 087
20N-20°S | 551 501 437 1325 116 20N-205 | 5.10 350 338 1077 101
20°-40°S 523 225 206 452 042 20°-40°S 515 253 236 725 068
40°-60°S 495 272 264 418 041 40°-60°S 5.10 279 262 688 065

February 10-2.5 km 2-04 km February 10-2.5 km 2-0.4 km
40°-60°N 464 460 476 510 053 40°-60°N 5.18 290 269 845 078
20°-40°N 528 646 587 815 074 20°-40°N 5.25 362 331 1021 093
20°N-20°S | 5.63 1049 894 1551 1.32 20°N-20°S | 5.12 351 330 1.15 105
20°-40°S 553 513 446 741 064 20-40°S 511 278 262 881 083
40°-60°S 502 269 258 349 033 40°-60°S 5.06 184 135 728 069
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tude band was less than 5%. Latitudinal and
seasonal variations of N2 at 30-40 km in Table
3 are less than 2%.

The latitude variations of Ep for the long
wavelength components did not necessarily de-
pend on those in N2, because the wave ampli-
tudes may not fully saturated. On the other
hand, Ep for short wavelengths seemed to be
related to N2, considering Eq. (2). However, the
enhancement of Ep near the equator was much
larger than the latitude variation of N2. There-
fore, the linear saturation theory of gravity
wave does not completely explain the wave
amplitudes for small vertical wavelengths, al-
though the asymptotic logarithmic slope of the
observed spectra is described well by the model
in Figs. 3 and 4.

5.2 Effects of observation filter on Ep

Because the GPS/MET temperature profile
is retrieved from the limb occultation mea-
surement of GPS radio signals by assuming a
spherical symmetry, it smears out details of the
horizontal structure within a sample volume.
Therefore, the GPS/MET data cannot resolve
gravity waves with a large horizontal wave
number. As a result, the observed vertical wave
number spectrum may also be modified, since it
is linked to a horizontal wave number spectrum
through a dispersion relation.

Alexander (1998) reported that the cutoffs in
the observed spectra caused by the scale selec-
tivity of each measurement technique produce
a number of problems and misinterpretations
of gravity wave variance measured by limb-
viewing instruments. McLandress et al. (2000)
analyzed a global distribution of temperature
variance with UARS/MLS, considering the ef-
fects of the observational filter, and found the
significant effects by the background winds.

We investigate in the following the effects
of the observation filter on Ep shown in Fig.
5. First, we estimate the shortest horizontal
wavelength that can be resolved with GPS/
MET. Neglecting the bending of a GPS ray
path, the horizontal extent of a spherical shell
with a thickness of d becomes

haps = 2(2d(r + 2)) 2, (4)

where r is the Earth’s radius (6,370 km) and 2
is the tangent height for the ray path of GPS
signals. By substituting d = 1.4 km in Eq. (4)
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from the vertical scale of the first Fresnel dif-
fraction pattern for a uniform refractive index
profile, hgps becomes about 270 km. Similarly,
hgps can be estimated as about 100 km for
d = 200 m, which is inferred as the height res-
olution of GPS/MET in this study.

Next, we employ a 2-dimensional spectrum
of linear gravity waves. Following Fritts and
VanZandt (1993), we assume that the spectrum
is separable as

F(m,w) = EgA(m)B(w), (5)

in terms of m and wave frequency, w. We as-
sume here that B(w) has a ™ form between
the inertial frequency, f, and N, with p ranging
from 5/3 to 2. A(m) is described in Eq (1), but,
for this preliminary analysis we assume a m~3
form shown in Eq (2) for simplicity. Note that
we neglect azimuth dependence of the gravity
wave field as well as the effects of the mean
background winds for simplicity. By using a
dispersion relation |w = kN/m/|, the spectrum
can be converted to :

G(k,m) = F(m,0)dw/dk
= EoA(m)mP INYPEP, (6)

as described in Gardner et al. (1993). Integrat-
ing G(k,m) over an appropriate range of %,
considering the spatial filter function of the
occultation measurements, we could obtain a
vertical wave number spectrum, H(m), which is
applicable for the GPS/MET results.

However, it is difficult to exactly quantify a
reduction factor of H(m) relative to the true
spectrum, because the allowable range of hori-
zontal wavelengths of gravity waves has not
been clearly defined yet from observations. Ac-
cording to Gardner et al. (1993), the minimum
horizontal wavelength (A,) can be assumed as
500 m, while, the maximum wavelength is de-
lineated as

imax:N/(m*f)- (7)
Withm* =1/5 km, p =5/3 and N = 27/5 min,
Amax can be inferred as about 1,500 km and
1,000 km at the 30° and 50° latitudes, respec-
tively, which can be used as the representative
value in the middle (20°-40°) and high (40°-
60°) latitude regions. But, Anax in the tropics

is rather uncertain, because Eq. (7) predicts
that Amax rapidly increases at low latitudes

NI | -El ectronic Library Service



Met eor ol ogi cal Soci ety of Japan

936 Journal of the Meteorological Society of Japan

as [ approaches zero toward the equator.
Substituting f at the 10° latitude, we obtain
/max = 4,000 km from Eq. (7), which is consis-
tent with radiosonde results in Indonesia (Shi-
mizu and Tsuda 1997).

For simplicity, we assume that the shape of
the observation filter for the GPS/MET mea-
surements is a rectangular box with zero power
for wavelengths below Agps. Substituting these
parameter in the integral, we can estimate the
respective reduction factor at 50°, 30° and 10°
latitudes as about 0.59, 0.68 and 0.84 with
hgps = 270 km, and 0.76, 0.84 and 0.92 with
hgps = 100 km. The observed (T'/T)? and E,
in Tables 2 and 3 and Fig. 5 could be under-
estimated by these factors due to the effects of
the observation filter.

Table 3 indicates that latitude variations of
E, at 30-40 km for the (10-2.5 km) compo-
nents are on average very close to the calcu-
lated reduction factor. However, for the (2-—
0.4 km) components the latitude decrease in E,
is larger than that for the long wavelength
components, which is opposite to the above
prediction. On the other hand, at 20-30 km we
can obviously recognize a more significant en-
hancement of E,, in the tropics relative to E, at
20°—40° and 40°-60°.

Note that these estimates are very prelimi-
nary by using a simplified spectral model.
Therefore, we may need to develop a more so-
phisticated method in a future study, taking
into account, for example, the Doppler shifting
by the background winds and azimuth aniso-
tropy of the gravity wave field. A recent study
by Alexander et al. (2002) showed that the pro-
nounced Ep at 18-25 km in the tropics, de-
tected in the GPS/MET results with the 1.5—
10 km wavelengths (Tsuda et al. 2000), can be
explained by assuming a shallower frequency
spectrum of gravity waves and intermittency of
the wave generation.

It may be useful to briefly summarize here a
comparison study on gravity wave energy be-
tween GPS/MET and MST radars (Nastrom et
al. 2000; Tsuda et al. 2000). MST radars can
accurately determine the kinetic energy per
unit mass, E; caused by gravity waves. So, cli-
matological values of E;, with the MU radar
(35°N) and the White Sands wind profiler
(32°N) were compared with Ep determined
for the 1.5-10 km wavelength components by
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using nearby GPS/MET profiles. Individual
comparisons determined a ratio of E,, to Ep as
1.7 and 1.66, respectively, which is very close
to p predicted by a linear gravity wave theory.
Therefore, a possible reduction of Ep caused by
the observation filter effects was not identified.

'6. Concluding remarks

We have retrieved temperature profiles from
Level-2 data of GPS/MET during three prime
time periods under the A/S-off condition (June/
July 1995, October 1995 and February 1997),
using a smoothing range of the GPS phase sig-
nals which was shorter than a nominal value
adopted for the published data from the UCAR
GPS/MET office. We have analyzed a vertical
wave number spectrum of 7”/T, and inves-
tigated its dependence on latitude, height and
season.

From a comparison of the analyzed spectra in
February 1997 at 20-30 km in an equatorial
region with nearby radiosonde results and a
theoretical prediction using linear saturation
theory, we have found that temperature fluc-
tuations with a vertical wavelength down to
400 m have been accurately measured by the
GPS occultation technique.

Amplitudes of temperature fluctuations at
30—40 km could be somewhat reduced through
the optimization of the occultation analysis. We
have investigated variations of vertical wave
number spectra of (T'/T)? at 20-30 km and
30-40 km as a function of latitude and season.

At 20-30 km the power law index for short -
wavelengths (<2 km) was about -3 as pre-
dicted by a saturated gravity wave model. It is
noteworthy, however, pseudo fluctuations with
a sub-Fresnel scale could be produced in the
retrieved temperature profiles (Karayel and
Hinson 1997). Therefore, it is difficult to con-
firm whether the analyzed spectrum is entirely
attributed to the gravity wave effects.

The spectral density was sometimes smaller
than that given by the model. At 30-40 km
both the spectral density and power law index
agreed well with the model, especially for
wavelengths shorter than about 1.5 km. But,
the slope became mode gradual than -3 for
wavelengths longer then 1.5 km, showing de-
parture from the model. '

Integrating the observed spectra for long
(10-2.5 km) and short (2-0.4 km) vertical
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wavelength ranges, we have calculated the
variance of the normalized temperature per-
turbations (T'/T)%. We, then, calculated the
potential energy per unit mass (Ep) at 20-
30 km and 30-40 km in each month. Seasonal
and latitudinal variations of Ep were evident at
20-30 km. In particular, Ep was largely en-
hanced near the equator for both long (10-
2.5 km) and short (2-0.4 km) wavelength
ranges. The enhancement at low latitudes be-
came less evident at 30—-40 km. These varia-
tions were larger than those for the background
N?2 values. Though the dependence of (T"/T)?
on the background atmospheric stability is pre-
dicted as in Eq. (2) from a linear saturation
theory, it does not seem to explain the latitude
variation of gravity wave energy.

Assuming a simple model spectrum, we
have investigated the observation filter effects
caused by the horizontal scale selectivity of
GPS limb occultation measurements, and esti-
mated the latitude dependence in the reduction
factor of Ep. The observed latitude distribution
of Ep at 30-40 km for the (10-2.5 km) wave-
lengths is consistent with the model prediction.
However, at 20-30 km Ep was more signifi-
cantly enhanced in the tropics.
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