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Abstract. Wind measurements from NASA’s ER-2 aircraft in the stratosphere are
used to obtain information on the momentum flux carried by gravity waves with
horizontal wavelengths between 5 and 150 km. Tropical data are compared with the
cloud brightness temperature below the aircraft as an indicator of deep convective
activity. A striking correlation between cold, high clouds and large gravity wave
momentum flux is seen in data from the Stratosphere-Troposphere Exchange Project
(STEP) tropical campaign during the monsoon season over northern Australia and
Indonesia. There is an enhancement in the flux carried by waves propagating against
the background wind in these observations. The same analysis was performed with
data from more recent ER-2 flights over the tropical Pacific Ocean during the
Airborne Southern Hemisphere Ozone Experiment/Measurements for Assessing
the Effects of Stratospheric Aircraft (ASHOE/MAESA), Stratospheric Tracers of
Atmospheric Transport (STRAT), and Photochemistry of Ozone Loss in the Arctic
Region in Summer (POLARIS) campaigns which took place in 1994, 1995-1996,
and 1997, respectively. These data also show a correlation between gravity wave
momentum flux and deep convective clouds, but the relationship is much weaker,
and the magnitudes of the momentum flux over the deepest clouds are about 7
times smaller than those seen in the STEP data. The reasons for these differences
remain uncertain, but possibilities include both real geophysical differences and
differences associated with the flight paths during the 1987 versus later campaigns.

1. Introduction

Gravity waves are an important mechanism for verti-
cal momentum and energy transport in the atmosphere,
and they drive large-scale circulation patterns at up-
per levels where they break or are otherwise dissipated.
They exist in the atmosphere with a wide range of
horizontal and vertical scales, frequencies, and phase
speeds. These properties, as well as when and where
they appear, have been observed to vary with geo-
graphic location, season, and time of day. Although
gravity waves are important to the momentum bud-
gets in global circulation models (GCM), these scales
of waves are generally too small to be modeled directly
in GCMs, and their effects must be parameterized as
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momentum forcing and diffusive mixing terms. Their
effects in the atmosphere are highly dependent on both
the characteristic properties of the waves and the quan-
tity of momentum flux they carry [e.g., Lindzen and
Holton, 1968; Lindzen, 1981].

Convection is believed to be an important source of
gravity waves, particularly in the tropics and at higher
latitudes in summertime, where high phase speed waves
are expected to drive important circulation patterns in
the stratosphere and mesosphere. The quasi-biennial
oscillation (QBO) in the lower stratosphere, the semi-
annual oscillations (SAO) at both the stratopause and
mesopause, and the meridional transport circulation in
the middle atmosphere are all believed to be driven
at least in part by momentum flux dissipation asso-
ciated with high phase speed gravity waves [Holton,
1983; Dunkerton, 1982; 1997; Alexander and Rosenlof,
1996; Ray et al., 1998]. Very little is known about the
properties and occurrence of these high phase speed
waves because they will tend to have long vertical wave-
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lengths and high frequencies and are therefore difficult
to observe with traditional profiling techniques with ra-
diosondes and rockets. These techniques require the
removal of a background profile in order to examine
the gravity wave perturbations, and long vertical wave-
length waves are difficult to distinguish from mean state
and planetary-scale wave variations unless the data are
collected at fine time resolution.

Mesoscale models of deep convection show generation
of a broad spectrum of gravity waves when the mod-
els include a deep stratospheric layer above the cloud
[Fovell et al., 1992; Alexander et al., 1995; Alexander
and Holton, 1997; Piani et al., 2000]. In these simula-
tions of squall line convection, the waves generated dis-
play a broad spectrum of horizontal wavelengths and in-
trinsic frequencies; however, their vertical wavelengths
tend to be closely associated with the depth of the la-
tent heating in the strong central updraft behind and
above the gust front [Alezander et al., 1995; Pandya and
Alezander, 1999]. The waves that appear most directly
above this deep central heating region have the high-
est Intrinsic frequencies and shortest horizontal wave-
lengths. Lower frequencies and longer horizontal wave-
lengths create a fan-like pattern above the storm. This
pattern in the wave intrinsic frequencies is expected
above a central compact wave source region because
the slope of a wave’s ray path above the horizontal is
the ratio of the vertical to horizontal components of the
group velocity (¢gz, ¢gz):

dz\ g | k| _ (2= p2\? X
<%)ray_cgf—‘m‘_(Nz_@2> . ()
Ray paths follow lines of constant phase. In (1), £ and
m are the horizontal and vertical wavenumbers, respec-
tively; @ is the intrinsic frequency; N 1s the buoyancy
frequency, f is the Coriolis parameter, and it has been
assumed that m >> (2H)~!. For waves with a common
m, those with larger k (smaller horizontal wavelength)
will display steeper slopes and will appear more directly
above the source, as will waves with higher w.

The short horizontal wavelength, high-frequency
waves above deep convection can carry significant mo-
mentum flux. Alezander and Pfister [1995] demon-
strated how vertical flux of horizontal momentum car-
ried by these waves can be estimated from in situ wind,
temperature, and pressure measured from stratospheric
aircraft. In a case study from the Stratosphere-Tropos-
phere Exchange Project (STEP) campaign over Darwin,
Australia, in 1987, large momentum fluxes, comparable
to those that appeared in the mesoscale simulations,
were observed from the ER-2 aircraft in the stratosphere
above a very deep storm. The momentum flux was large
along the flight path directly above the storm, and it
fell to very small values once the aircraft left the vicin-
ity of the deepest part of the storm cloud. Similar close
associations between deep convection and gravity wave
activity have been observed elsewhere [Rdttger, 1980;
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Larsen et al., 1982; Pfister et al., 1986, 1993a, b; Sato et
al., 1995; Dewan et al., 1998; McLandress et al., 2000].

In the present paper, we examine a large collection
of in situ wind measurements from the ER-2 aircraft
during flights over tropical convection and examine the
statistical relationship between the momentum flux car-
ried by gravity waves in the stratosphere and the depth
of the convection below the aircraft. Section 2 describes
the observations and the analysis method, section 3 is a
discussion of these results, and section 4 is a summary
with conclusions.

2. Stratospheric Aircraft Data and
Analysis

2.1. Gravity Wave Momentum Flux

The Meteorological Measurement System (MMS)
flown on NASA’s ER-2 aircraft makes in situ measure-
ments of all three components of the wind velocity along
the flight path as well as temperature and pressure
[Scott et al., 1990]. From the vector wind measure-
ments, we can extract information on the vertical flux
of horizontal momentum carried by gravity waves in the
lower stratosphere. The vertical wind measurement is
an important component of this analysis but is also a
difficult measurement to make. Previous analyses have
shown that these vertical winds can be sufficiently accu-
rate to extract meaningful information on gravity waves
[Alezander and Pfister, 1995]. The determination of
vertical wind is, however, subject to several sources of
error:

1. The algorithms used to extract the vertical wind
cannot completely remove the effects of turning maneu-
vers and sharp changes in aircraft altitude that cause
pressure fluctuations and erroneous vertical winds. We
therefore use only data from straight and approximately
level flight path segments in the present analysis.

2. The accuracy of the vertical wind measurements is
better than 0.1 ms™! (P. Bui, personal communication,
1999); however, the measurements can be subject to
drift in the zero reference due to integrated errors in the
accelerometer measurements along the flight path [Scott
et al., 1990]. This red noise can be significant when
changes in the wind over distances much longer than
100 km are desired. We therefore restrict our attention
to waves with wavelengths of less than 150 km.

3. The precision in the measurements is important
for determining the amplitude of the wave perturba-
tions that can be detected above noise levels. The pre-
cision in the vertical wind is 0.1 ms=! (P. Bui, personal
communication, 1999). The measurements are recorded
at 1-Hz or better sampling, which translates to a hori-
zontal distance traveled by the aircraft of approximately
200 m or less. We are mainly interested in gravity waves
with horizontal wavelengths of the order of 10 km and
longer because shorter-scale waves are much more eas-
ily trapped or reflected at low altitudes, and so they
contribute little to the middle atmosphere momentum
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Figure 1. Example time series of observations from the ER-2 aircraft flying at 17.7-km altitude
on January 22, 1987. (a) Meridional wind and (b) perturbations for waves with wavelengths of
~5 —150 km. (c) Vertical wind and (d) perturbations for waves with wavelengths of ~5 —150
km. (e) Illustration of the size and shape of the weighting functions applied in the WOS filtering
process. (f) North-south component of the momentum flux.

budget. The random error for our gravity wave analy-
sis can therefore be reduced substantially through av-
eraging of adjacent measurements or low-pass filtering
without loss of information.

To estimate momentum flux along the flight path,
the components of the wind are Fourier analyzed by us-
ing a weighted overlapping segment (WOS) technique
[Percival and Walden, 1993]. A Hanning (cosine) taper
function is applied sequentially along the flight path to
segments of the time series 1000 s long (see Figure 1).
The aircraft cruises at ~200 m s~ ; so 1000 s of data
represents ~200 km of distance. The gravity wave pe-
riods will generally be longer than the time it takes
the plane to fly through a full cycle of the wave. The
time along the flight path is therefore best thought of
as a distance flown through an approximately station-
ary wave pattern, and the fast Fourier transform (FFT)
of the time series is a better measure of the horizontal
wavenumber spectrum than the gravity wave frequency
spectrum.

The FFT of the tapered data segment is computed
after removal of the horizontal wind linear trend and
the vertical wind mean value over the segment inter-
val. The transform is then low-pass filtered to re-
move the smallest-scale fluctuations with a tapered fil-
ter. The filter leaves 40-s periods (~8-km wavelengths)
and longer unattenuated and completely removes 15-s
periods (~2.5-km wavelengths) and shorter. The result

is then transformed back to real space. Each adjacent
data segment overlaps with the previous one by 50%,
and the results from each segment are added together
creating a continuous time series of wind fluctuations
(u'(t),7'(t),w'(t)) for the zonal, meridional, and verti-
cal components of the wind vector (Figure 1) represent-
ing waves with wavelengths roughly in the range 5—150
km. The products p(u'w’, v'w’) contain information on
the vertical flux of zonal and meridional momentum, re-
spectively, for waves of this scale; p represents the back-
ground atmospheric density along the flight path which
1s determined from the measured temperature and pres-
sure. An example of this procedure is shown in Figure
1. The overlapping taper functions sum to unity except
at the very edges of the time series, where some of the
first and last 500 s (~100 km) of tapered data are not re-
covered. Alezander and Pfister [1995] compared results
similar to these to p(u'w’) computed in the stratosphere
above a storm cloud in a numerical simulation.

The pseudomomentum flux for a monochromatic wave
with intrinsic frequency @ much larger than the Cori-
olis parameter f is the wavelength-averaged covariance
plu'w ,W). (For lower-frequency waves, a correction
factor (1 — f2/&?) should be included [Fritts and Vin-
cent, 1987].) Our momentum flux estimates contain in-
formation not on a single-wavelength wave, but on the
band of wavelengths of ~5—150 km. The results de-
scribed later will be magnitudes of p(vw'w’, v'w’) binned
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according to geophysical parameters along the flight
path such as cloud height. This binning accomplishes
the same sort of wavelength averaging needed to es-
timate the momentum flux p(uw'w’, v'w’), but without
presuming the wavelength a priori. The binned values
will be referred to simply as momentum fluxes in the
results that follow.

2.2. Cloud Top Temperature From a Narrow
Field-of-View Infrared Radiometer

During the 1987 STEP Tropical campaign [Russell
et al., 1993], the ER-2 carried a down-looking narrow
field-of-view infrared radiometer [Liou et al., 1990] that
measured cloud top temperature in two channels along
the flight path. The radiance and brightness temper-
atures were reported at 0.5-Hz sampling. We will use
the brightness temperature 73 in the 10.5-um channel as
an indicator of cloud top temperature (approximately
inversely proportional to cloud top height) below the
aircraft. The time series of T} and corresponding mag-
nitude p|v'w’| of the time series in Figure 1f is shown
in Figure 2. Note that the largest values occur over the
coldest, highest clouds in this example. This will be
shown to be a common occurrence in what follows.

2.3. Correlations Between Gravity Wave
Momentum Flux and Cloud Top Temperature
During the STEP Tropical Campaign

The STEP campaign included many flights of the ER-
2 aircraft at upper tropospheric and lower stratospheric
altitudes directly over the very deep convective storms
that occurred over northern Australia and Indonesia
during January and February 1987. This time of year
is known as the monsoon season. Values of the mag-
nitude of momentum flux M are computed along the
flight paths as

M = p(juw'f + o' )2, @)
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Data from all of the available stratospheric flight seg-
ments are then binned according to the 7, below the
aircraft in 20 K bin intervals. The result is shown in
Figure 3. The data for times when the aircraft was
flying over land and ocean have been binned separately
because over land, topographically generated waves and
variations in surface heating caused by cloud patchiness
can in some cases obscure the correlation. The oceanic
measurements show a very clear linear anticorrelation
between M and T for T, > 230 K. The largest values of
M occur above the coldest highest clouds T, = 200—240
K. These results include data from flights 5, 6, 8, 9, 10,
12, 13, and 14 (see Russell et al. [1993] for flight de-
tails). Other flights could not be used either because
the navigation system failed or no cloud data were ob-
tained. Russell et al. [1993] show maps of the flight
paths overlain on cloud satellite imagery for reference.
Cloud top temperatures less than 235 K have been
used as a high-cloud threshold in statistical studies of
convection [Chen et al., 1996] and global rainfall cor-
relations [Arkin and Meisner, 1987]. Such deep con-
vection is associated with heavy rainfall and deep re-
gions of latent heating that appear as the centers of
gravity wave forcing in the mesoscale convection mod-
els [Fovell et al., 1992; Alexander et al., 1995; Aleran-
der and Holton, 1997; Piani et al., 2000]. In these
simulations, the waves that appear most directly over
the cloud have high intrinsic frequencies and carry sig-
nificant momentum flux vertically into the middle at-
mosphere. The momentum flux magnitudes in Figure 3
are very significant. For example, such waves could pro-
vide a substantial fraction of the momentum flux needed
to drive the quasi-biennial oscillation (QBO) observed
in stratospheric winds [Alezander and Holton, 1997; Pi-
ani et al., 2000]. If the relationship in Figure 3a is repre-
sentative of tropical convection in general, then we can
combine this result with statistics on the occurrence of
deep convection in the tropics [Zhang, 1993] to estimate
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Figure 2. Time series for the same flight segment as in Figure 1. (a) Magnitude of the north-
south momentum flux. (b) Brightness temperature of the cloud tops below the aircraft.
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Figure 3. Momentum flux observations in the stratosphere binned according to the cloud top
brightness temperature below the aircraft measured by the onboard infrared radiometer during
the STEP Tropical campaign over (a) ocean and (b) land. Zero flux indicates that no data oc-
curred in that temperature range. Momentum flux observations binned according to the direction
of the flux over (c) ocean and (d) land. Error bars represent the standard error in the mean. (e)
Light lines show flight paths superimposed on map contours for the Australia-Indonesia region.

the time- and area-averaged flux at tropical latitudes.
Zhang [1993] estimates a mean fractional coverage of
clouds with T}, < 215 K in the latitude band 20°N-20°S
of ~ 2%. This coverage times the momentum flux car-
ried by waves above deep clouds during the STEP cam-
paign would give an estimate of the time-averaged flux
in the 20°N-20°S region of ~ 2 x 1073 Pa, a value close
to the total gravity wave momentum flux estimated as
necessary to drive the QBO [Dunkerton, 1997].
Figures 3c and 3d show the distribution of momen-
tum flux with propagation direction. Most of the flux is
carried by southeastward propagating waves over ocean
and northeastward over land. A bias toward east-
ward propagating gravity wave activity has also been
observed by using radiosonde observations from this

part of the world [Hamilton and Vincent, 1995; Vin-
cent and Alerxander, 2000], although those data primar-
ily included only very low frequency waves, whereas we
focus on higher-frequency waves in this study. Such
anisotropies in the flux could greatly affect the role the
waves play in driving middle atmosphere circulations.
Note that the background wind at typical ER-2 flight
levels was westward with eastward shear aloft (the west-
erly phase of the QBO) during the STEP campaign.

2.4. Gravity Wave Momentum Flux and
Clouds From Other Tropical ER-2 Flights

Several other ER-2 observational campaigns included
flights across tropical latitudes in the central Pacific.
During the Stratospheric Tracers of Atmospheric Trans-
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port (STRAT) campaign, four flights south from Hawaii
(21°N) to just south of the equator were included to ob-
serve latitudinal variations in the mixing ratios of chem-
ical species observed by instruments on the ER-2. A
similar “south survey” flight was also conducted during
the Photochemistry of Ozone Loss in the Arctic Region
in Summer (POLARIS) mission. The Airborne South-
ern Hemisphere Ozone Experiment/Measurements for
Assessing the Effects of Stratospheric Aircraft (ASHOE/-
MAESA) campaign included six survey and ferry flights
over the tropical Pacific Ocean. The dates and locations
of these flights are given in Table 1. These 11 flights are
selected for analysis of the gravity wave momentum flux
and the relationship to cloud properties below the air-
craft as was done in the previous section for the STEP
data.

No onboard radiometer measurements were made dur-
ing these campaigns. Cloud properties below the ER-2
aircraft were instead estimated for each of these flights
from infrared satellite imagery at 11 um. For STRAT,
cloud brightness temperatures were estimated from Ad-
vanced Very High Resolution Radiometer (AVHRR) im-
ages. For POLARIS, GOES Variable (GVAR) images
were used. For ASHOE/MAESA, either GOES or GMS
satellite images were used. These are nominally avail-
able at 0.5- to 3-hour time intervals and 4- to 10-km
resolution.

Brightness temperature for the flight paths was de-
termined from the satellite imagery by extracting Tj
underneath the aircraft as a function of its latitude and
longitude. This was done for the two satellite images
that were taken closest to the time at which the airplane
passed a given location. The final value was calculated
by using a weighted time average of the two brightness
temperatures.

Figure 4 shows the correlation between the 5- to 150-
km gravity wave momentum flux and cloud top bright-
ness temperature for the tropical Pacific ER-2 flights.
Figures 4a-4c show correlations from individual cam-
paigns, and Figure 4d shows the composite correlation
for all 11 flights. On flights that overflew deep convec-
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tive clouds, some relationship between deep convection
and larger gravity wave momentum fluxes can be seen;
however, the magnitudes of these fluxes are ~7 times
smaller than those observed during the STEP campaign
(Figure 3a), and the correlation slope is smaller. We
discuss some of the possible reasons for the differences
between Figures 3a and 4d in the next section.

We have not further examined the distribution of
these fluxes with propagation direction as was done for
the STEP data. The background atmospheric condi-
tions for these various flights are more diverse, and the
fluxes in the averages seen in Figure 4 are too small
to warrant such an analysis. Instead such questions
must be addressed via case studies for larger-amplitude
events that will be the subject of future work.

3. Discussion

There are several differences between the STEP data
(Figure 3a) and the tropical Pacific data (Figure 4d)
that might explain the different relationships they give.
They include differences in the type of cloud observa-
tions, differences related to the different nature of the
convection in these two distinct geographical regions,
and differences in the wind measurements between the
STEP campaign in 1987 and the other campaigns which
took place 1994-1997.

3.1. Cloud Data Differences

The STEP cloud observations come from radiometer
measurements on board the ER-2 aircraft and are there-
fore coincident in space and time with the ER-2 in situ
wind measurements. The later campaigns rely on satel-
lite images which have poorer spatial resolution and are
available only at time intervals up to several hours. Per-
haps the one-to-one correspondence in space and time
between the cloud and gravity wave observations is im-
portant to the correlation? To address this question,
cloud top brightness temperature was estimated for the
STEP flights from GMS satellite images just as was
done for the STRAT, POLARIS, and ASHOE/MAESA

Table 1. Summary of Convection Associated With

Intertropical Convergence Zone Flights

Campaign Date Flight Path Convective Activity
ASHOE/MAESA March 21, 1994 Hawaii south high cirrus shield
ASHOE/MAESA March 22,1994 Hawaii south over weak convection
ASHOE/MAESA March 27,1994 Hawaii to Guam over weak convection
ASHOE/MAESA  Oct.24, 1994 Guam to Hawaii edge of deep convection
ASHOE/MAESA  Oct.26, 1994 Hawaii south none

ASHOE/MAESA  Oct.29, 1994 Hawaii south edge of deep convection
STRAT Nov.5, 1995 Hawaii south over deep convection
STRAT Aug.1, 1996 Hawai south edge of weak convection
STRAT Aug.8, 1996 Hawaii south edge of weak convection
STRAT Dec.11, 1996 Hawaii south little or none

POLARIS Sept.23, 1997 Hawaii south late stage deep convection
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Figure 4. Momentum flux observations in the stratosphere binned according to the cloud top
brightness temperature below the aircraft as measured by satellite for flights over the tropical
Pacific Ocean. (a) ASHOE/MAESA campaign including six flights in March and October 1994.
(b) STRAT campaign including four flights in November 1995 and August and December 1996.
(c) POLARIS campaign flight on September 23, 1997. (d) Momentum flux versus cloud brightness

temperature from all 11 flights combined.

flights. The correlation of these satellite-based bright-
ness temperatures with gravity wave momentum flux
for the STEP data is shown in Figure 5. A very simi-
lar correlation to that seen in Figure 3a is reproduced.
Some differences are expected not only because of spa-
tial and temporal resolution, but also because the STEP
radiometer measurements are much more precisely cal-
ibrated. Some additional flight segments could also be
used in creating Figure 5 because of different bright-
ness temperature data coverage. The comparison sug-
gests that the lower spatial and temporal resolution of
the satellite cloud data compared with the radiometer
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observations is not a major factor in explaining the dif-
ferences between the STEP results and those from the
later campaigns over the tropical Pacific Ocean.

3.2. Changes in MMS Observations Between
STEP 1987 and the 1994-1997 Campaigns

The meteorological measurements have also changed
in the interval between the STEP campaign in 1987 and
the more recent flights over the tropical Pacific.

The MMS determines wind by measuring the differen-
tial pressure among holes placed symmetrically around
the aircraft nose. These pressure measurements as well
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as temperature and static pressure measurements are
used to infer the wind relative to the aircraft. Precise
knowledge of the aircraft velocity then allows a sub-
traction to be made to infer the winds relative to the
ground. The vertical wind in particular is a small value
that is the difference between two very large terms and
is therefore especially difficult to determine accurately
[Scott et al., 1990]. We have excluded wave scales of
>150 km because of red noise errors. The vertical wind
Is particularly sensitive to them because, unlike hori-
zontal wind variance which is red at all our scales of
interest, the vertical wind variance has a flat spectral
shape [Bacmeister et al., 1996].

Some of the changes to the MMS have been improve-
ments to the inertial navigation system that should
only improve the wind measurements. Spectral stud-
ies of more recent data [Bacmeister et al., 1996] com-
pared with earlier data [Murphy, 1989] suggest that
these improvements have reduced the white noise floor
improving measurements of short horizontal scale (<2
km) fluctuations, but they have been excluded from
our analysis. On the other hand, the ER-2 aircraft
flew with a modified nose cone for the STRAT, PO-
LARIS, and ASHOE flights. The new nose included
a central hole used to intake air for special chemical
measurements. This change in the nose shape changed
the airflow around the nose and inadvertently reduced
the sensitivity of the differential pressure measurements
by about a factor of 2 (P. Bui and S. Bowen, personal
communication, 1999). This reduced sensitivity would
theoretically increase the errors in the determination of
the angles of attack and sideslip of the air relative to
the aircraft, lead to errors in the wind determination,
and particularly affect the vertical wind at small values.
The reduced sensitivity would not affect observations of
large-amplitude waves as shown by Chan et al. [1993].
Our gravity wave momentum flux analysis depends on
the vertical wind; so it could be subject to increased
error at small vertical wind values. This could raise the
level of the estimates at high 7, where no clouds are
present, but cannot alone explain the reduced values at
cold Ty in Figure 4d compared with Figure 3a. There-
fore the reduced sensitivity associated with changes in
the nose cone does not appear to explain the differences
between the Australian and the tropical Pacific data.

3.3. Different Nature of Convection Over the
Maritime Continent and the Tropical Pacific
Ocean

The STEP campaign coincided with the January-
February monsoon season of the “maritime continent,”
the region including northern Australia and Indonesia.
The STRAT, POLARIS, and ASHOE/MAESA flights
are instead over open ocean in the central tropical Pa-
cific, and the convection there is primarily that in the
Intertropical Convergence Zone (ITCZ).

The STEP observations include overflights of very
deep and violent storms, long-lived tropical cyclones,
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and some convection over the northern part of the Aus-
tralian continent [Russell et al., 1993]. Most of the
storms overflown during STEP reached altitudes close
to the tropopause, whereas [TCZ storms over the ocean
rarely do. The maritime continent convection is in gen-
eral more similar to continental than ocean convection
[Hendon and Woodberry, 1993]. Hendon and Wood-
berry examined the properties of convection in tropical
regions by using two indicators: (1) deep convective ac-
tivity (DCA) describing the occurrence only of clouds
with T, < 230 K, and (2) IR brightness temperatures
(BBT) covering the full range of cloud top tempera-
tures. Over the maritime continent, both DCA and
BBT have a pronounced diurnal cycle, and the phase of
BBT lags that of DCA by about 3 hours. This relatively
short lag is associated with the rapid development of
the convection in this region. The DCA develops first
with a few small deep convective turrets penetrating
to high altitude, while the larger convective complexes
take more time to develop and contribute most strongly
to the BBT index. Over ocean, the diurnal cycle is rel-
atively very weak. BBT again lags DCA, but over the
oceanic ITCZ this lag is 6 hours or longer. The deep
convective towers associated with the DCA index are
apparently not so closely linked to the development of
the larger complexes in this region, or the larger com-
plexes develop more slowly.

This larger lag could in part explain the differences
in the correlations between stratosphere gravity wave
momentum flux and cloud top temperature seen in Fig-
ures 3a and 4d. If the generation of the short hori-
zontal gravity waves is most closely associated with the
early formation of the deep convective updrafts, the ob-
servations over the ITCZ may simply be missing such
events. The STEP observations specifically targeted
such deep convection, while the later observations did
not. Perhaps the high clouds overflown during STRAT,
POLARIS, and ASHOE/MAESA were simply in the
late stages of the convective development and did not
sample the smaller-scale and more vigorous convective
events.

The POLARIS flight on September 23, 1997, may
illustrate this possibility. Figure 6 shows the time se-
ries of cloud brightness temperature and of the grav-
ity wave momentum flux. Momentum fluxes at times
when the aircraft was turning, diving, or climbing have
been set to zero as described in section 2.1. The flight
path headed due south from Hawali along the 159.25°W
meridian, turned around at 3.37°S latitude, and flew
back along the same meridian. Deep convective activ-
ity developed to the east of the flight path at about
12°N latitude in the hours before the flight. The ER-2
aircraft flew past this storm on the outbound leg but did
not fly directly over the cloud shield; so no signal ap-
pears in T} on the outbound leg. On the return leg, the
ER-2 aircraft overflew the cloud, but by this time the
storm had dramatically weakened, and no clear signal
appears in the momentum flux record (Figure 6b) that
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Figure 6. Time series of observations for the PO-
LARIS flight on September 23, 1997. (a) Cloud
top brightness temperature below the aircraft. (b)
Magnitude of the momentum flux in the stratosphere
plu'w’ v'w'|.  Aircraft latitude is indicated along the
top of the plot.

is well correlated with the cloud temperature (Figure
6a).

It is possible that the STEP observations record
larger gravity wave momentum fluxes because the flights
(with the exception of flight 5) were designed to investi-
gate aspects of convection directly. Thus large portions
of the flight paths were over active deep convection.
The I'TCZ flights had entirely different objectives; so
overflights of high clouds in these data may simply miss
the more active phases of the convection. A descriptive
summary of the I'TCZ flights and associated convection
appears in Table 1.

The maximum values in the momentum flux data
over the Pacific ITCZ are also significantly smaller than
those observed during the STEP campaign (compare
Figures 6b and 2a), and similar differences between the
STEP observations and those from the other campaigns
can be seen on other flights. In general, differences in
local maxima in the momentum flux may contribute
roughly half of the difference in magnitude at low T}, in
Figures 3 and 4.

It is possible that the convection in the ITCZ sim-
ply generates much smaller gravity wave momentum
flux in the short horizontal wavelength band 5-—150
km. The waves generated might alternatively be con-
centrated in the low-frequency part of the gravity wave
spectrum. These waves will have smaller vertical wind
amplitudes that might not be detectable by the MMS.
Low-frequency waves may also tend to have horizontal
wavelengths longer than the necessary 150-km cutoff
of the filter used in the present analysis. Lower fre-
quencies can also occur with detectable short horizon-
tal wavelengths of <150 km, but such waves would have
shorter vertical wavelengths than their higher frequency
counterparts. Shorter vertical wavelengths might be
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expected for Pacific ITCZ convection because of shal-
lower cloud depth there and associated shallower dia-
batic heating [Bergman and Salby, 1994; Alexander et
al., 1995; Pandya and Alezander, 1999].

If waves in the Pacific ITCZ data have only mod-
erately lower frequencies than those in the STEP data,
they might simply appear at locations further away hor-
izontally from the central source within the cloud, as
would be expected from the theory embodied in equa-
tion (1). This might confound the one-to-one corre-
spondence between deep clouds and large momentum
fluxes.

4. Summary and Conclusions

In situ wind observations in the stratosphere mea-
sured by the MMS on the ER-2 aircraft are analyzed
to extract information on momentum flux carried by
gravity waves with horizontal wavelengths of ~5—150
km. The flux was binned according to the cloud top
brightness temperature 7, below the aircraft. The re-
sults from the STEP Tropical campaign over Darwin,
Australia, in 1987 show a striking relationship between
the magnitude of the flux (M) and T} with largest val-
ues M > 0.11 Pa over the coldest (highest) clouds
T, < 240 K. This relationship between gravity wave
and cloud properties results when either onboard in-
frared radiometer measurements are used or when in-
frared satellite images are instead used. The flight paths
during the STEP campaign were designed to study
stratosphere-troposphere exchange processes associated
with deep convection and included many overflights of
deep active storms.

Collecting flights over convection in the tropical Pa-
cific ITCZ, the relationship between M and T} is much
weaker. Binned momentum fluxes show maximum val-
ues of only 0.016 Pa over the deepest clouds with
Ty < 220 K, approximately 7 times smaller than those
observed during STEP. The reasons for the differences
are not certain, but several possible factors could be
contributing:

1. There could be real differences in the strength of
the gravity wave momentum flux above deep convection
in the ITCZ and the maritime continent.

2. The relationship between gravity waves and cloud
height may be blurred in the ITCZ because of the longer
lag between the most active deep convective activity
and the development of the larger-scale cloud complex.

3. The STEP observations may observe larger mo-
mentum fluxes simply because the flight plans were de-
signed to overfly deep active convection, whereas the
ITCZ overflights of convection were coincidental and
may not have sampled the most active convection.

4. The ITCZ convection might preferentially gener-
ate longer horizontal wavelength waves or waves with
low intrinsic frequencies. Such waves cannot typically
be observed using these in situ vertical wind measure-
ments. In addition, if waves in the Pacific ITCZ data
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have moderately lower frequencies than those in the
*STEP data, they would appear at locations further hor-
izontally from the central source within the cloud, as
would be expected from the theory embodied in equa-
tion (1), and this might confound the one-to-one cor-
respondence between deep clouds and large momentum
fluxes.
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