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Abstract. Lower stratospheric wind and temperature mea-
surements made from NASA’s high-altitude ER-2 research
aircraft during the CRYSTAL-FACE campaign in July 2002
were analyzed to retrieve information on small scale gravity
waves (GWs) at the aircraft’s flight level (typically∼ 20 km
altitude). For a given flight segment, the S-transform (a
Gaussian wavelet transform) was used to search for and iden-
tify small horizontal scale GW events, and to estimate their
apparent horizontal wavelengths. The horizontal propagation
directions of the events were determined using the Stokes pa-
rameter method combined with the cross S-transform anal-
ysis. The vertical temperature gradient was used to deter-
mine the vertical wavelengths of the events. GW momen-
tum fluxes were calculated from the cross S-transform. Other
wave parameters such as intrinsic frequenciesω̂ were calcu-
lated using the GW dispersion relation. More than 100 GW
events were identified. They were generally high frequency
waves with vertical wavelength of∼5 km and horizontal
wavelength generally shorter than 20 km. Their intrinsic
propagation directions were predominantly toward the east,
whereas their ground-based propagation directions were pri-
marily toward the west. Among the events,∼20% of them
had very short horizontal wavelength, very high intrinsic fre-
quency, and relatively small momentum fluxes, and thus they
were likely trapped in the lower stratosphere.

Using the estimated GW parameters and the background
winds and stabilities from the NCAR/NCEP reanalysis data,
we were able to trace the sources of the events using a sim-
ple reverse ray-tracing. More than 70% of the events were
traced back to convective sources in the troposphere, and the
sources were generally located upstream of the locations of
the events observed at the aircraft level. Finally, a proba-
bility density function of the reversible cooling rate due to
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GWs was obtained in this study, which may be useful for cir-
rus cloud models.

1 Introduction

GWs are commonly observed at all levels in the atmosphere.
Their role in the global circulation became widely appreci-
ated twenty years ago when their effects were first param-
eterized in global circulation models (Palmer et al., 1986;
McFarlane, 1987). The wave effects on the global circu-
lation are quite sensitive to the properties of waves, e.g.,
their phase speeds, horizontal and vertical wavelengths, and
the momentum flux they carry (e.g. Holton, 1982; Alexan-
der and Dunkerton, 1999). Hence, numerous observational
studies have attempted to quantify these properties (see
Fritts and Alexander, 2003). Most data sets do not provide
enough information to quantify all the needed wave proper-
ties (Bacmeister et al., 1990a, b, 1996; Pfister et al., 1993;
Alexander and Pfister, 1995; Alexander et al., 2000), but
measurements from the ER-2 aircraft platform during the
Cirrus Regional Study of Tropical Anvils and Cirrus Layers –
Florida Area Cirrus Experiment (CRYSTAL-FACE) (Jensen
et al., 2004) do. Specifically, simultaneous measurements of
3-dimensional vector winds from the Meteorological Mea-
surement System (MMS), and temperatures and vertical tem-
perature gradients from the Microwave Temperature Profiler
(MTP) can be combined to fully characterize the waves sam-
pled by the ER-2 in the lower stratosphere.

Convection is one of the globally important sources of
GWs, and the CRYSTAL-FACE flights in the vicinity of sub-
tropical and tropical deep convection provide a wealth of
data on GWs from this source. One motivation of this study
is to provide observational constraints for parameterizations
developed to describe the effects of convectively generated
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Fig. 1. The ER-2 flight track (blue line) during 7 July 2002 16:01–
22:39 UTC. The red line shows the flight segment to be analyzed as
a case study in this paper. The arrow indicates the direction of the
flight segment. In total, there were 10 flights from which 136 such
flight segments were identified. See text for further details.

GWs (Chun and Baik, 1998, 2002; Beres et al., 2004), whose
simplifying assumptions are poorly validated to date.

Recent studies have shown that GWs in the upper tropo-
sphere and lower stratosphere influence the formation of high
cirrus clouds considerably (Jensen et al., 2001, 2005; Jensen
and Pfister, 2004; Haag and Kärcher, 2004) through wave
induced temperature oscillations. Cirrus clouds, especially
those in the tropical tropopause layer (TTL), play important
roles in the Earth’s radiation budget and the stratospheric wa-
ter vapor budget as cirrus formed in situ within the TTL can
effectively dehydrate air entering the stratosphere (Jensen et
al., 2001; Jensen and Pfister, 2004). Tropical cirrus clouds
also influence the stratospheric chemistry indirectly by af-
fecting the stratospheric humidity (Solomon, 1999). One of
the main challenges in modeling the effects of cirrus clouds
on stratospheric water vapor concentrations, however, is to
specify the temperature in the TTL, which is modulated con-
siderably by GWs (Jensen and Pfister, 2004). The focus of
this study is to analyze in detail the properties of short hori-
zontal scale GWs in the south Florida region from the MMS
and MTP wind and temperature measurements obtained on
board the ER-2 aircraft.

The paper is organized as follows. Section 2 describes the
wind and temperature data used in this study. Section 3 de-
scribes the procedures to identify GW events and to estimate
GW parameters such as wavelength, propagation direction,
and vertical flux of horizontal momentum of the events. It
also shows the statistics of the parameters derived. Section 4
investigates the sources of the wave events. Discussions are
given in Sect. 5. In Sect. 6, conclusions are given.

2 Data

During the CRYSTAL-FACE campaign in July 2002, mul-
tiple sorties of NASA’s ER-2 aircraft were carried out over
the southern Florida and Caribbean region (12.4–29.9◦ N,
273.1–283.0◦ E) to measure atmospheric properties in the
lower stratosphere and upper troposphere. The aircraft flew
at∼20 km altitude and at a cruise speed of∼200 ms−1. The
dates and times of all 10 ER-2 flights are listed in Table 1.
Each flight started either late in the morning or early in
the afternoon, and ended late in the afternoon. Each flight
mission lasted∼6–7 h, and covered a total horizontal dis-
tance of∼4000–5000 km. Figure 1 shows, for example,
the ER-2 flight track during 7 July 2002 between 16:01 and
22:39 UTC.

Among the instruments aboard the ER2 aircraft, the MMS
measured in situ winds, temperature, and pressure (Scott et
al., 1990), whereas the MTP measured vertical temperature
profiles along the flight path by microwave remote sensing
(Denning et al., 1989). The precisions of the MMS winds,
temperature, and pressure were 0.1 ms−1, 0.1 K, and 0.1 mb,
respectively. The precision of the MTP temperature was
∼0.25 K at the flight level. The original sampling rate of
the MMS was∼10 Hz, but the 1 Hz version was used in this
study as it had a better signal-to-noise ratio. Given the ER-2
speed at∼200 ms−1, the horizontal resolution of the MMS
measurements was therefore 0.2 km. The sampling rate of
the MTP was 0.1 Hz. The along-track horizontal resolution
of the MTP temperature was∼2 km. The vertical profile
of the MTP temperature generally extended∼9 km above
and below the flight altitude for the measurements analyzed
in this study. The vertical resolution of the MTP tempera-
ture profile varies with the distance from the aircraft, being
∼160 m at the flight level and∼3 km at 5 km from the flight
level.

To facilitate GW analyses, we first divided each flight into
flight segments (or legs) within which the flight altitude was
nearly constant at∼20 km and the flight path was nearly
straight so as to avoid turns and rapid ascents and descents
of the aircraft. Also, we required that the length of each seg-
ment be no shorter than 50 km. The highlighted portion of
the flight track in Fig. 1 shows an example of such a flight
segment. In total, 136 flight segments of this kind were se-
lected, ranging from∼50 to ∼1100 km in length, with the
majority in the∼200 km range. The flights on 9 and 26 July
were exceptional in that they contained a few very long flight
segments (∼1000 km or longer) which reached as far south
as∼12.4◦ N and deep into the Caribbean. The orientations of
the flight segments were somewhat anisotropic in the sense
that more segments were aligned zonally than meridionally.

Figure 2 shows the MMS zonal velocitiesu, meridional
velocities v, vertical velocitiesw, and temperatureT for
the flight segment highlighted in Fig. 1. Overplotted on the
MMS temperature is the MTP temperature at the flight al-
titude. The raw data were interpolated to a regular 0.2 and
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Table 1. The dates, and times (UTC) of all 10 ER-2 flights during the CRYSTAL-FACE campaign.

Date 3 July 7 July 9 July 11 July 13 July 16 July 19 July 23 July 26 July 28 July

Take-off 14:36 16:01 15:18 14:59 17:00 18:06 17:02 17:13 15:51 16:56
Landing 20:23 22:39 21:11 21:18 23:09 23:59 23:34 24:18 21:14 23:11
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Fig. 2. MMS winds and temperatures (dark lines) as functions of flight distance for the flight segment highlighted in red in Fig. 1. Also
plotted is the MTP temperature at the flight altitude (red line). In this plot, the raw data were interpolated to a regular 0.2 and 2 km horizontal
resolution along the flight track for the MMS and MTP data, respectively.

2 km horizontal resolution along the flight track for MMS
and MTP data, respectively. The MMS and MTP tempera-
tures generally agreed very well, though the former had a bet-
ter temporal resolution. Note that localized wavy structures
are clearly seen in Fig. 2, especially for horizontal winds and
temperatures. It is assumed in this study that these wavy
structures are GW events (or packets).

In the next section, we describe the procedure to identify
GW events from the flight segments in a more quantitative
way, and estimate GW parameters including wavelengths,
horizontal propagation directions, and vertical fluxes of hor-
izontal momentum for such events.

3 GW parameters

3.1 GW event and apparent horizontal wavelength

As mentioned in the previous section, GW packets were
clearly seen in the horizontal wind and temperature data for
the flight segment shown in Fig. 1. To determine the loca-
tions and amplitudes of these wave packets quantitatively,
we applied the S-transform to the MMS wind and temper-
ature along the flight segment. The S-transform (Stockwell
et al., 1996) is a continuous wavelet transform (CWT) whose
basis functions are formed as the product of a Gaussian en-
velope and sine/cosine functions. The CWT9u(ξ, λ′

h) of a
function, e.g.,u(x) is defined by

9u
(
ξ, λ′

h

)
=

∫
∞

−∞

u(x)ψ(x − ξ, λ′

h)dx (1)

wherex andξ are the horizontal distance in the flight seg-
ment,λ′

h is the apparent horizontal wavelength.λ′

h is related

www.atmos-chem-phys.net/6/1091/2006/ Atmos. Chem. Phys., 6, 1091–1104, 2006



1094 L. Wang et al.: Gravity waves during CRYSTAL-FACE

U, m/s

1550 1600 1650 1700 1750
 

20

40

60

80

100

120

 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4

V, m/s

1550 1600 1650 1700 1750
 

20

40

60

80

100

120

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

W, m/s

1550 1600 1650 1700 1750
 

20

40

60

80

100

120

 

0
0.06
0.12
0.18
0.24
0.3
0.36
0.42
0.48
0.54
0.6
0.66
0.72
0.78

T, K

1550 1600 1650 1700 1750
 

20

40

60

80

100

120

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

Flight Distance, km

A
pp

ar
en

t 
H

or
iz

on
ta

l W
av

el
en

gt
h,

 k
m

Fig. 3. Contours of horizontal distance vs. apparent horizontal wavelengthλ′
h

of S-transform amplitudes for the regularly interpolated MMS

winds and temperatures shown in Fig. 2. The contour interval is 0.1 ms−1 for zonal and meridional winds, 0.06 ms−1 for vertical wind, and
0.05 K for temperature. The dashed lines show the horizontal spans of the GW events identified.

to the true GW horizontal wavelengthλh by λh = λ′

h| cosθ |,
whereθ is the angle between the flight directionγ and the
GW horizontal propagation directionφ, which will be dis-
cussed in the next subsection. The mother waveletψ is de-
fined as

ψ(x, k′) =

∣∣k′
∣∣

√
2π
e−

x2k′2

2 e−i2πk
′x (2)

wherek′ is the inverse ofλ′

h, i.e., the apparent horizontal
wavenumber. The S-transform method has already been ap-
plied to geophysical data and has proved to be useful in esti-
mating wave perturbation amplitudes and phase information
(e.g., Stockwell and Lowe, 2001; Wang et al., 2006).

Figure 3 shows contours of horizontal distance vs. appar-
ent horizontal wavelengthλ′

h of wave amplitudes in winds

and temperatures from the S-transform for the regularly in-
terpolated MMS data shown in Fig. 2. The locations and
amplitudes of GW packets are clearly seen in Fig. 3. No-
tably, there was a strong wave signal with a dominantλ′

h of
∼63 km for both temperature and zonal wind between 1630
and 1750 km flight distance. The S-transform detected an-
other wave packet with a shorterλ′

h (∼21 km), occurring be-
tween 1650 and 1720 km flight distance. It showed up in
all the variables, although less pronounced inw in compari-
son to the others. In this study, we defined a GW event when
strong wave perturbations showed up in both temperature and
at least one component of horizontal winds at the same loca-
tion and at the sameλ′

h. To achieve the statistical robustness,
a statistical testing of the S-transform based on Stockwell
(1999) was performed to ensure that the relevant amplitudes
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Fig. 4. Histogram (in percentage) of apparent horizontal wavelengthsλ′
h

for the 138 GW events identified (left panel) and angular distribution
of flight directions of the events (right panel). The red error bars indicate the uncertainties ofλ′

h
based on the Poisson counting statistics.

The darker histogram in the left panel includes only those events which had large wave amplitudes in bothw andT . The corresponding error
bars are shown in blue. The error bars of flight directions are shown in red.

were above the 95% confidence level for each event. Also,
we only focused on signals with dominantλ′

h no shorter than
5 km because very short GWs are more severely affected by
processes such as dissipation, reflection, etc., than longer
ones, so they are more difficult to ray-trace (e.g., Marks and
Eckermann, 1995). In Fig. 3, the dashed lines indicate the
horizontal spans of the GW events thus identified for this par-
ticular flight segment.

In total, 138 such wave events were identified from the
136 flight segments available. Figure 4 shows the histogram
of λ′

h and the angular distribution of the flight directions of
the events. Most of the events had a dominantλ′

h of 10–
20 km. Also, the average wave amplitudes were∼0.69 ms−1,
0.75 ms−1, 0.35 ms−1, and 0.39 K, foru, v, w, andT , re-
spectively (not shown). Note that such wave amplitudes for
u, v andT are much smaller than what are usually seen in
inertia GWs typically resolved in radiosonde profiles (e.g.,
Wang and Geller, 2003). Such smaller values are consis-
tent, via GW polarization relations, with the much higher
intrinsic frequencies inferred for these GWs (which will be
discussed in the next subsection). Also, note that the ER-2
aircraft flight paths were chosen to avoid areas directly above
deep rain events where the most vigorous GW motions might
be present. Such a sampling bias in the aircraft data likely

causes an underestimation of the actual GW amplitudes in
the region. It is worth noting that significant wave perturba-
tions showed up in both MMST andw for 72% of the GW
events. Statistically, the correspondence between MMSw

andT was best for GW events with shortλ′

h, and it wors-
ened asλ′

h increased. Such a correspondence held up forλ′

h

as long as∼90 km (Fig. 4).

3.2 Vertical wavelength and horizontal propagation direc-
tion

The dominant vertical wavelengthsλz of the GW events
identified above were estimated using the MTP vertical tem-
perature gradient as follows:

λz = 2π

∣∣∣∣ iT ′

dT ′/dz

∣∣∣∣ ∼ 2π
σ(T ′)

σ (dT ′/dz)
(3)

whereT ′ is the GW perturbation from the MTP temperature,
andσ(T ′) is the standard deviation ofT ′, i.e.,

σ(T ′) =

√√√√ 1

n− 1

n∑
i=1

(
T ′

i − T ′

)2
(4)

We used the standard deviation because single realizations
of ratio T ′/(dT ′/dz) can be singular while the ratio of the
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standard deviations gives the correct result for a theoretical
monochromatic wave.T ′ was derived by linearly detrending
the MTP temperature for each event. To increase the sta-
tistical confidence of the standard deviations in Eq. (3), in
practice, we calculatedλz for only those events which had
at least 6 MTP temperature measurements available. For the
two GW events identified in Fig. 3,λz was 7.2 and 8.1 km for
the ones with longer and shorterλ′

h, respectively. Note that
three of the events (two on 3 July and one on 13 July) had
too few MTP measurements to determine theirλz.

According to linear GW theory, the (intrinsic) horizontal
propagation direction of a GWφ is aligned with the ma-
jor axis of the wind perturbation hodograph (Gossard and
Hooke, 1975). Such a property of GWs has been used in pre-
vious studies to estimateφ from vertical profiles of winds and
temperatures with the aid of various techniques including the
Stokes parameter method, the hodographic analysis, among
others (see Eckermann, 1996, for a review of the different
techniques). As noted by Eckermann (1996), those methods
are inherently related and mathematically equivalent. We de-
rivedφ from GW wind and temperature perturbations along
flight track using a variant of the Stokes-parameter technique
(Vincent and Fritts, 1987; Eckermann and Vincent, 1989).
Briefly, for a monochromatic GW, the relevant Stokes pa-
rameters are defined as

D = ũ2
− ṽ2 (5)

P = 2ũṽ cosδ (6)

whereũ and ṽ are the amplitudes ofu andv, respectively,
andδ is (8v−8u), i.e., the phase difference betweenv andu.
In optical terms,D is the throughput anisotropy parameter,
andP is the linear polarization parameter. The major axis
orientationφ′ of GW wind perturbation hodograph is given
by (Kraus, 1966)

φ′
=

1

2
arctan

(
P

D

)
(7)

In practice, ũ and ṽ were calculated directly from the S-
transform amplitudes of the MMS winds for the GW events
identified. The phase differenceδ was calculated by per-
forming a cross-S-transform analysis (cross ST) of the MMS
winds in analogy with cross-spectral analysis using the
Fourier transform. The cross ST of two time seriesh(x) and
g(x) is defined as

Wh(ξ, k){Wg(ξ, k)}
∗ (8)

where {Wg(ξ, k)}
∗ is the complex conjugate ofWg(ξ, k).

The phase of the cross ST can be shown to be equiv-
alent to the phase difference betweeng(x) and h(x),
8(ξ, k)g−8(ξ, k)h.

There is a 180◦ ambiguity ofφ′, however, sinceφ′ can
only vary between[−π/2, π/2]. To solve such an ambiguity,
we used the additional information of temperature. It can be

shown that the phase difference betweenT andu along the
flight track is (see Appendix A)

8T −8u = arctan

(
ṽ sin(φ) sin(δ)

ũ cos(φ)+ ṽ sin(φ) cos(δ)

)
−
π

2
(9)

where again, in practice,(8T−8u) was calculated using the
cross ST.φ is eitherφ′ or (φ′

+π) depending on which one
satisfies Eq. (9) more closely. Note that very high intrinsic
frequency GWs are more linearly polarized, thus theirδ are
close to 0 orπ . Eq. (9) is then reduced to

8T −8u = ±
π

2
(10)

φ is eitherφ′ or (φ′
+π) depending on the phase difference

betweenT andu. Such a simplified relation is consistent
with Eq. (A10) in the appendix, which is equivalent to the
GW polarization relation for a linearly polarized GW.

With φ derived, the true dominant horizontal wavelength
λh is simplyφ′

| cosθ |=φ′
| cos(φ−γ )|, as mentioned in the

previous subsection. As expected,λh was shorter thanλ′

h,
and most of the events hadλh between 5 and 15 km (not
shown). In comparison,λ′

h was mostly 10–20 km. Other
wave parameters such as intrinsic frequencyω̂, group ve-
locity, and intrinsic horizontal phase speed, were determined
from the GW dispersion relation

1

λz
2

=
1

λh
2

(
N2

− ω̂2
)(

ω̂2 − f 2
) −

1

4Hρ2
(11)

whereHρ is the density scale height calculated from the MTP
data. For the two GW events identified in Fig. 3,φ, λh, and
ω̂ were∼352◦, 44.6 km, and 51f (=0.0032 radians per sec-
ond,f is the Coriolis parameter), respectively, for the event
with longerλ′

h, and∼154◦, 18.7 km, and 126f (=0.0079 ra-
dians per second), respectively, for the event with shorterλ′

h

(φ is measured counter clockwise from the East). For the
two events, the ratios of Brunt-V̈a is älä frequencyN de-
rived from the MTP data andf were ∼360. Note thatω̂
can also be derived from the Stokes parameter method since
ω̂/f is equal to the GW perturbation ellipse axial ratio which
can be related to some Stokes parameters (e.g., Vincent and
Fritts, 1987; Eckermann and Vincent, 1989). We chose not
to use this approach since we were mostly dealing with short
horizontal scale and high intrinsic frequency waves which
are more linearly polarized and thus they cannot be diag-
nosed for their ellipticities to infer intrinsic frequencies. Fur-
thermore, as mentioned before, more linearly polarized GWs
haveδ close to 0 orπ . Indeed, we found that the values ofδ
generally cluster around 0 orπ (not shown), being consistent
with these waves having higĥω.

Figure 5 shows the histogram ofλz and the angular distri-
bution ofφ for the GW events. The waves generally hadλz of
∼5 km and they propagated predominantly eastward. There
also appeared to be a northward bias inφ. The waves were
generally short horizontal scale and high intrinsic frequency
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Fig. 5. Histogram (in percentage) of vertical wavelengthsλz, and the angular distribution of horizontal propagation directionsφ for the GW
events identified. Note that 138 events were included in the plot forφ, whereas 135 were included forλz. The red error bars are based on the
Poisson counting statistics. See text for further details.

with λh generally shorter than 20 km andω̂ higher than 13f
(not shown). The averaged horizontal intrinsic phase speed
and magnitude of horizontal ground-based group velocity
were∼13 and 18 ms−1, respectively (not shown). Finally,
note that sinceλz was undetermined for three of the events,
ω̂/f , intrinsic phase speed and ground-based group velocity
were also undetermined for them.

3.3 Momentum flux

Assuming a locally horizontally homogeneous atmosphere,
the GW induced background wind acceleration

(
X, Y

)
is re-

lated to the vertical gradient of the vertical flux of horizontal
momentum

(
Fpx, Fpy

)
(or simply put, momentum flux) by(

X, Y
)

= −
ε

ρ

∂

∂z

(
Fpx, Fpy

)
(12)

whereε is an intermittency factor (Alexander and Dunkerton,
1999),ρ is the background density, and

(
Fpx, Fpy

)
is defined

as(
Fpx, Fpy

)
= ρ

[(
1 − f 2/ω̂2

) (
u′w′, v′w′

)]
(13)

Hence, momentum fluxes are very important quantities
which are related directly to the effects of GWs on the back-
ground atmosphere. With MMS vertical velocity available,

we were able to calculate the fluxes directly. We estimated
momentum fluxes for the GW events using the S-transform
and cross ST analysis. For a monochromatic GW, Eq. (13)
leads to

Fpx =
1

2
ρ

(
1 − f 2/ω̂2

)
ũw̃ cos(8w −8u) (14)

Fpy =
1

2
ρ

(
1 − f 2/ω̂2

)
ṽw̃ cos(8w −8v) (15)

In practice,ũw̃, ṽw̃, (8w−8u), and (8w−8v) were cal-
culated using the cross ST for each event.ρ was calcu-
lated from the event mean density which was derived from
MMS T and pressure.̂ω was already estimated from the GW
dispersion relation as described in the previous subsection.
Since a GW event was generally not purely monochromatic,
the contributions from horizontal wavelengths adjacent to
the dominant horizontal wavelengthλ′

h were added to the
value atλ′

h to produce the total momentum flux of the wave
event. For the two events identified in Fig. 3,

(
Fpx, Fpy

)
was ∼(0.008, 0) and (−0.06, −0.004) kg m−1 s−2 for the
one with longerλ′

h and the one with shorterλ′

h, respectively.
Figure 6 shows the histogram of the magnitudes of momen-

tum flux
√
F 2
px+F

2
py for the GW events identified in this

study. The averaged magnitude was∼0.026 kg m−1 s−2, and
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Fig. 6. Histogram (in percentage) of magnitudes of momentum flux
(kg m−1 s−1) for all the 138 events identified. The red error bars
are based on the Poisson counting statistics. See text for details.

the maximum magnitude was∼0.13 kg m−1 s−2. These val-
ues generally agree with previous estimates of GW momen-
tum fluxes in the lower stratosphere over convection (e.g.,
Alexander and Pfister, 1995; Alexander et al., 2000).

Note that GWs’ horizontal propagation directions can
also be derived from the momentum fluxes

(
Fpx, Fpy

)
, as

tan(φ)=Fpy/Fpx . We compared the propagation directions
derived using the flux method with those from the Stokes pa-
rameter method, and found that they were similiar for most
events. Specifically, their difference was less than 30◦ for
∼81% of the events, and the angular distribution of horizon-
tal propagation directions derived using the flux method also
showed the eastward bias, as didφ. Large discrepancies ex-
isted for∼19% of the events. We will discuss potential rea-
sons for these discrepancies in Sect. 5.

4 Wave sources

To investigate the sources of the GW events, we ray-traced
each event back using a simple group velocity method, i.e.,
dr/dt=Cg, wherer is the position vector of the ray group
and Cg is the 3-D ground-based group velocity. The ini-
tial Cg was calculated using the wave parameters derived in
the previous section and the background winds and stabili-
ties from the four-times daily NCAR/NCEP reanalysis data.
For the subsequent time steps,Cg was calculated from the
ground-based frequencyω, and horizontal wavenumbersk, l
which were assumed to be constant during the ray-tracing.
The temporally and spatially varying backgroundu, v, N
were estimated from interpolating the reanalysis data to the
current time and location of each event. The reverse ray-
tracing was terminated when any of the following conditions
was met: the tracing time reached 3 h, the ray reached the
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Fig. 7. The NASA LaRC NEXRAD radar base reflectivity com-
posite image on 7 July 2002 17:20 UTC. The thin gray line is the
ER-2 flight track on that day. The solid red line denotes the GW
event with the longerλ′

h
at ∼18:20 UTC, as shown in Fig. 3. The

blue lines denote the trajectories at both ends of the event reversely
ray-traced 1 h back to 17:20 UTC. The dashed red line connects the
end points of the trajectories and indicates where the wave event
could have been 1 h earlier. The blue 3-character markers are the
NEXRAD site codes indicating where the radars are located (AMX:
Miami, BYX: Key West). See text for further details.

ground, or the wave was approaching its critical level (where
ω̂→f ) or turning point (wherêω→N ). The horizontal and
3-h-temporal variations of the background fields were gen-
erally much smaller in comparison to the vertical variations
in the tropical and subtropical region, so the assumption of
constantk andl was valid.

The trajectory of each event was compared to the NASA
Langley Research Center (LaRC) NEXRAD radar reflec-
tivity images during CRYSTAL-FACE (available every
10 min)1 As an example, Fig. 7 shows the NEXRAD radar
reflectivity image on 7 July 2002 17:20 UTC. The light gray
line is the ER-2 flight track on that day. The solid red line de-
notes the GW event with the longerλ′

h shown in Fig. 3. The
color bar on the side represents base reflectivity in dBZ and
is proportional to precipitation rate. The event was detected
at flight level at∼18:20 UTC. The solid blue lines denote the
trajectories at both ends of the event reversely ray-traced one
hour back to 17:20 UTC. The dashed red line connects the
end points of the trajectories and indicates where the wave
event could have been one hour earlier. The altitude cor-
responding to the dashed red line was∼7.5 km in the mid
troposphere for both end points. Visual inspection of Fig. 7
shows that the wave event was located over a convectively
active region (with base reflectivity larger than∼40 dBz) in
the troposphere one hour before it was observed in the lower
stratosphere by the ER-2 aircraft, implying that the source of

1They can be accessed from the following website:http://
www-angler.larc.nasa.gov/crystal/.
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Fig. 8. Angular distribution of source to event directions for those events related to convective sources (102 in total) (left panel), and the
scatter plot of their background winds at flight level (∼20 km) (right panel). The red error bars are based on the Poisson counting statistics.

the event was likely the strong convection in the troposphere
at∼(25.5◦ N, 81.3◦ W).

We applied the same procedure to the rest of the events.
Of the 135 events for which we conducted ray-tracing (ray-
tracing was not possible for the remaining three events since
theirλz could not be determined due to the gap in MTP tem-
perature data),∼76% of them were traced back to convective
sources (with base reflectivity larger than∼40 dBz) below
13 km in the troposphere (the average tropopause height was
∼15 km). This is not surprising since convection was ex-
pected to be the major source of GWs for these CRYSTAL-
FACE flights. For those GW events which could not be
traced back to convective sources in the troposphere, most
had shorterλh and higherω̂ at 20 km, and the ray trac-
ing gave turning points (̂ω→N ) somewhere between 13 and
20 km.

Figure 8 shows the angular distribution of source to event
directions for those events related to convective sources (102
in total), and the scatter plot of their background winds at
flight level. The source to event direction was defined as the
direction from the each convective source we identified to
the mid-point of the event. Most of the sources were located
upstream of the events.

5 Discussion

As shown in Fig. 4, coherent wave perturbations showed up
in both MMST andw for 72% of the GW events, and the
coherence was generally better for shorterλ′

h (andλh as well,
not shown). The GW polarization relation between vertical
velocity and temperature is

w̃ =
iω̂g

N2
T̃ ′ ∼

iλzg

Nλh
T̃ ′ (16)

whereg is the gravitational acceleration,̃T ′ is the GW per-
turbation temperature amplitude divided by the background
temperature, and other notations were defined previously.
The approximation in Eq. (16) follows from an approxima-
tion to the GW dispersion relation whenf�ω̂�N . Evi-
dently, for a givenT̃ ′, a GW with longerλh has smallerw̃,
and vice versa. Thus, we expect that the coherence between
T andw to deteriorate for longer horizontal scale GWs. In
general, for longer horizontal scale waves, higher signal to
noise ratio for vertical velocity measurements is needed asw̃

gets smaller.

Most of the wave events identified in this study were found
to have short horizontal wavelengths and high intrinsic fre-
quencies, as mentioned in Sect. 3. Such waves are prone
to be trapped in the atmosphere via highω̂ reflection (Isler
et al., 1997; Swenson et al., 2000; Marks and Eckermann,
1995), and the trapped waves carry no net vertical flux of
horizontal momentum. To see how many of the waves events
were likely trapped or evanescent waves instead of propagat-
ing waves, we show on the left panel of Fig. 9 the percentage
of GW events within eachλh andω̂/N bin. 135 events were
included in the plot. Bins are blank if no GW events fall into
them. The right panel of Fig. 9 shows the corresponding bin-

averaged magnitudes of momentum flux (i.e.,
√
F 2
px+F

2
py)

of the events. Evidently, most of the events hadω̂/N equal
to or larger than 0.1 andλh shorter than 20 km. In contrast,
GWs observed from radiosondes (e.g., Vincent and Alexan-
der, 2000; Wang, 2003; Wang et al., 2005), generally had
ω̂/N less than 0.01 andλh of ∼1000 km or longer at sim-
ilar latitudes. Generally, shorter horizontal scale GWs had
larger momentum fluxes and the largest fluxes occurred for
GWs withλh less than 10 km and̂ω/N between 0.4 and 0.5.
Interestingly, all the GW events which hadω̂/N equal to or
larger than 0.8 hadλh shorter than 10 km, and their momen-
tum fluxes were considerably smaller than those GWs with
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Fig. 9. Percentages of GW events withinλh andω̂/N bins (left panel), and bin-averaged momentum flux magnitudes (kg m−1 s−1) (right
panel). See text for further details.

similar λh but relatively lowerω̂/N , thus suggesting that
these very high frequency GWs were likely trapped waves.
In total, there were 27 such likely trapped events (i.e., 20%
of the 135 events whosêω/N were determined). None of
the reverse ray-traces of these very high intrinsic frequency
waves could extend down to the troposphere below 13 km
(not shown). The uncertainty in our calculations, however,
does not warrant further detailed analysis of wave trapping.

As mentioned in Sect. 3, the intrinsic horizontal propa-
gation directions of the events were predominantly eastward
(Fig. 5). Similar anisotropies of GW horizontal propagations
have been observed in previous studies in the tropical and
subtropical lower stratosphere (e.g., Vincent and Alexander,
2000; Wang, 2003). As mentioned above, our results are
distinct in that the GWs examined in this study were short
horizontal scale and high intrinsic frequency GWs, whereas
the previous radiosonde studies, as referenced here, focused
on long horizontal scale and low intrinsic frequency inertio
GWs.

Figure 10 shows the typical background wind and tem-
perature from 3–5 times daily high vertical resolution ra-
diosonde observations conducted during the CRYSTAL-
FACE campaign. They were derived from binning the raw
balloon data from four south Florida stations (Key West, FL,
24.5◦ N, 81.8◦ W; Miami, FL, 25.8◦ N, 80.4◦ W; PARSL mo-
bile facility, 25.8◦ N, 81.4◦ W; and Tampa Bay Area, FL,
27.7◦ N, 82.4◦ W) during July 2002. The error bars indi-
cate the magnitude of the standard deviation for each bin.
Zonal winds were generally toward the west. They were very
weak in the lower troposphere and increased to∼−16 ms−1

at 20 km. Meridional winds were very weak with absolute

values less than 4 ms−1 throughout the troposphere and lower
stratosphere. The tropopause was well defined and was lo-
cated at∼15 km.

Note that the prevalent westward background winds off-
set the eastward anisotropy of intrinsic horizontal propaga-
tion directionsφ so that the ground-based propagation direc-
tions were actually predominantly westward at slow ground-
based phase speeds (not shown). This is consistent with
Fig. 9 which showed that that sources were mostly located
upstream of the events.

The anisotropy of GW intrinsic horizontal propagation di-
rections (Fig. 5) may be caused largely by the anisotropy
of the wave sources, as Alexander and Vincent (2000) and
Wang (2003) found for the low intrinsic frequency waves
they studied from balloon data, though background wind fil-
tering definitely played a role in modifying the morphology
of the waves that we observed. It is difficult to determine the
relative importance of the two factors without further analy-
sis and additional data.

As mentioned in the introduction, GWs play a significant
role in the dynamics of cirrus cloud formation in the TTL re-
gion. One way to quantify their effects in cirrus cloud mod-
els is to calculate the the reversible cooling rate that occurs
during each wave cycle bŷωT̃ (Jensen and Pfister, 2004),
whereT̃ is the GW temperature perturbation amplitude. Al-
though the waves we observe at ER-2 20 km flight altitudes
were above the TTL, they must have passed through this re-
gion since they were generated by convection below. Di-
rect calculation ofω̂T̃ has previously only been possible for
long-duration Largrangian balloon flights (Hertzog and Vial,
2001), but our analysis is an exception. In fact,ω̂T̃ is readily
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Fig. 10. Typical background winds and temperatures binned from
3–5 times daily high vertical resolution radiosonde observations
conducted over the south Florida during the CRYSTAL-FACE cam-
paign. Each error bar is the standard deviation of each bin. The
mean flight altitude (20 km) is marked by a thin dashed line in each
plot. See text for further details.

available from this study. Figure 11 shows the probability
of observing a GW event with a certain̂ωT̃ . The probabil-
ity was calculated from the ratio of the sum of the horizon-
tal extents of the GW events (e.g., the lengths of the dashed
lines in Fig. 3) havingω̂T̃ within a certain range and the to-
tal distances of all the flight segments examined in this study.
Overall, there was a 32% chance of observing a GW event in
ER-2 flights during CRYSTAL-FACE, so the sum of prob-
abilities in Fig. 11 is 0.32. Most events had̂ωT̃ less than
22 K/h.

6 Conclusions

ER-2 MMS and MTP wind and temperature measurements
during CRYSTAL-FACE in July 2002 were analyzed to
investigate short horizontal scale GWs at flight altitude
(∼20 km). There were 10 ER-2 sorties over the southern
Florida and the Caribbean region during the campaign (Ta-
ble 1).

To facilitate GW analysis, we divided each flight into seg-
ments (or flight legs) within which the flight altitude was
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Fig. 11. The probability of observing a GW event with a reversible
cooling rateω̂T̃ within a given range from the ER-2 aircraft during
CRYSTAL-FACE. The red error bars are calculated based on the
Poisson counting statistics. See text for further details.

nearly constant at∼20 km and the flight path was nearly
straight so as to avoid turns and rapid ascents and descents
of the aircraft. Also, we required that the length of each seg-
ment be no shorter than 50 km. 136 such flight segments
were selected. We then applied the S-transform (a wavelet
transform) to each flight segment to identify GW events in
the segment, if there were any. A GW event was identified
if coherent wave perturbations showed up in both temper-
atureT and at least one component of horizontal winds at
the same location and at the same apparent horizontal wave-
lengthλ′

h (Fig. 3). We only focused on signals with dominant
λ′

h no shorter than 5 km. 138 such wave events were identi-
fied. Meantime, we found that coherent wave perturbations
showed up in bothT and vertical velocityw for 72% of the
GW events (Fig. 4). The shorter theλ′

h was, the better the
correspondence betweenw andT was, and such a coherence
held up forλ′

h up to∼90 km.

The dominant vertical wavelengthsλz of the GW events
were estimated using both the temperature and vertical tem-
perature gradient oscillations measured along the flight track
by MTP. The horizontal propagation directionsφ were es-
timated from MMS horizontal winds using a variant of
the Stokes parameter method with the aid of the cross S-
transform. In addition, MMS temperature was used to solve
the 180◦ ambiguity ofφ. The true horizontal wavelengths
λh were calculated fromλ′

h and the angles betweenφ and
the flight directions of the events. Other wave parameters
such as intrinsic frequencieŝω, group velocities, and intrin-
sic horizontal phase speeds, were determined from the GW
dispersion relation.

The wave events were found to be generally short horizon-
tal scale and high frequency GWs withλz of ∼5 km,λh gen-
erally shorter than 20 km, and̂ω higher than 13f , and they
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propagated their energy and phase predominantly toward the
east in the intrinsic frame, i.e., being opposite to the back-
ground winds (Fig. 5). The averaged intrinsic phase speed
and magnitude of group velocity were∼13 and 18 ms−1, re-
spectively.

Vertical fluxes of horizontal momentum density of the GW
events

(
Fpx, Fpy

)
were calculated from the MMS winds us-

ing the cross S-transform. The averaged momentum flux
magnitude was∼0.026 kg m−1 s−2, and the maximum mag-
nitude was∼0.13 kg m−1 s−2 (Fig. 6). We also calculated the
horizontal propagation directions of the events using the es-
timated fluxes and found the results generally agreeing with
those from the Stokes parameters method.

We reverse ray-traced the GW events using their 3-D
group velocities and the background winds and stabilities
from the NCAR/NCEP reanalysis data to locate their sources
in the troposphere. The 3-D group velocities were calculated
by assuming that the horizontal wavelengths of the events
remained constant. The trajectories of the events were com-
pared to the NASA Langley NEXRAD radar reflectivity im-
ages available every 10 min during July 2002. Of the 135
events for which we were able to perform ray-tracing,∼76%
of them were traced back to convective sources below 13 km
in the troposphere and most of the sources were located up-
stream of the events (Fig. 8).

Among the 135 events that we were able to determine
ω̂/N , 20% of them had very short horizontal wavelength
(<10 km), very high intrinsic frequency (ω̂/N≥0.8), and rel-
atively small momentum fluxes, and thus were likely trapped
or evanescent waves.

A probability density function of GW reversible cooling
rate was derived from the GW temperature perturbation am-
plitudes, intrinsic frequencies, the horizontal extents of the
events, and the total distances of flight segments during
CRYSTAL-FACE. Such information can be used in cirrus
cloud model studies.

Appendix A

Solving the 180◦ ambiguity of GW horizontal
propagation direction derived from the Stokes
parameters method

GW perturbation winds and temperature can be written as

u′
≡ ũ cos(8u) (A1)

v′
≡ ṽ cos(8v) (A2)

T̂ ′
≡ T̃ cos(8T ) (A3)

Let u′

‖
designate the horizontal perturbation velocity parallel

to the wave vector (or the propagation direction) and letφ

designate the horizontal propagation direction, it follows that

u′

‖
≡ ũ‖ cos(8u‖

)

= u′ cos(φ)+ v′ sin(φ)

= ũ cos(8u) cos(φ)+ ṽ cos(8v) sin(φ) (A4)

Let A ≡ ũ cos(φ), B≡ṽ sin(φ), andδφ≡8v−8u, Eq. (A4)
leads to

u′

‖
= A cos(8u)+ B cos(8u + δφ)

= A cos(8u)+ B cos(8u) cos(δφ)− B sin(8u) sin(δφ)

= [A+ B cos(δφ)] cos(8u)− B sin(δφ) sin(8u)

= C1 cos(8u)− C2 sin(8u) (A5)

whereC1≡A+B cos(δφ) andC2≡B sin(δφ). Define

α ≡ arctan(C2, C1) (A6)

Equation (A5) can be rewritten as

u′

‖
=

√
C1

2
+ C2

2 [cos(α) cos(8u)− sin(α) sin(8u)]

=

√
C1

2
+ C2

2 cos(8u + α) (A7)

which leads to

ũ‖ =

√
C1

2
+ C2

2 (A8)

and

8u‖
= 8u + α (A9)

The relevant GW polarization relation in the Boussinesq ap-
proximation is

T̂ ′
= i

N2

gω̂

kh

m
u′

‖
(A10)

Since m<0 and kh>0 by convention, and
−i cos(x)= cos(x−π

2 ), thus

8T = 8u‖
−
π

2
(A11)

Equations (A9) and (A11) lead to

8T −8u − α +
π

2
= 0 (A12)

Note thatφ can be eitherφ′ or φ′
+π , depending on the

phase relationship between winds and temperature, whereφ′

is the orientation of the major axis of GW perturbation hodo-
graph as derived using the Stokes parameter method. Equa-
tion (A12) is used to solve the 180◦ ambiguity ofφ.
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