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HIRDLS observations of gravity wave momentum fluxes over
the monsoon regions
C. J. Wright1 and J. C. Gille1,2
Measurements from the High Resolution Dynamics Limb Sounder on NASA’s
Aura satellite are used to quantify gravity wave momentum fluxes generated from monsoon regions across the globe over the three years 2005-2007. Momentum fluxes in the
altitude range 16–60 km over eight individual monsoon regions in both hemispheres are
examined and compared to convective data from NOAA’s Outgoing Longwave Radiation time series and precipitation data from the Tropical Rainfall Monitoring Mission.
Good correlations are observed over seven of these eight regions, the exception being the
North American monsoon region. An increase in measured momentum flux of approximately 50% is observed over the 10N-30N latitude band during the boreal monsoon period, with around half of the annual momentum flux for this latitude range measured
during this period; however, the limited correspondence in the North American region
suggests that at least some of this increase may be due to other processes.
Abstract.

drag and UARS MLS temperature variance measurements
[Choi et al., 2009]. None of these satellite studies, however,
have analysed MF on the global scale, restricting study of
the broader scale effects.
The High Resolution Dynamics Limb Sounder (HIRDLS),
an infrared radiometer on NASA’s Aura satellite, provides
vertical profiles of atmospheric temperature at a high vertical resolution of ∼1 km [Gille et al., 2008] with a horizontal along-track profile spacing of ∼75-100 km, allowing
us to measure the atmospheric gravity wave spectrum to
an unprecedentedly high resolution [Alexander et al., 2008].
Using temperature measurements from this instrument, we
can study the effects of the monsoon on the gravity wave climatology of the terrestrial stratosphere, and compare them
to lower tropospheric data on convection and rainfall to determine the extent of any correlation between monsoon climatology and the stratospheric gravity wave spectrum. In
particular, we can use these measurements to estimate the
momentum flux arising due to monsoon convection, helping
to further elucidate the effects of this vital system upon the
dynamics of the tropical middle and upper atmosphere.

1. Introduction
The two most significant sources of internal gravity waves
and the horizontal flux of vertical momentum (momentum
flux, MF) they produce in the terrestrial stratosphere are
believed to be due to convective processes and orography
[Fritts and Alexander , 2003]. Previous satellite studies have
focused on the key orographic sources of such waves, with
strong signals shown arising due to the waves generated from
major ranges such as the Andes and Rockies [e.g. Eckermann and Preusse, 1999; Jiang et al., 2002; Yan et al., 2010].
However, to date, there have been limited studies focusing
specifically on the waves generated by convective systems on
a global scale.
One of the major convective systems in the terrestrial
atmosphere is the monsoon. Previous in-situ studies using
techniques such as balloons and optical airglow measurements [Pautet et al., 2005], LIDAR [Parameswaran, 2000]
and aircraft [Pfister et al., 1993; Alexander et al., 2000]
have shown significant MF arising from the storm clouds
generated in monsoon systems. Model studies have also
shown significant MF arising from the Indian and African
monsoons [Watanabe et al., 2008; Alexander et al., 2010].
Satellite studies have also shown a strong relationship between gravity waves and deep convection. These include
McLandress et al. [2000], where longitudinal variations in
temperature variance were used with a linear model to
infer tropospheric deep convective sources; Preusse et al.
[2001], where CRISTA measurements of gravity waves were
correlated with water vapour enhancements at the equator and in the northern subtropics; Jiang et al. [2004],
where UARS MLS radiance variances in the stratosphere
were compared to temperature, water vapour and cloud in
the tropical tropopause layer, and Preusse and Ern [2005],
where CLAES gravity wave measurements were shown to
correlate with sea surface temperatures. Good agreement
has also been shown between the magnitude and spatial distribution of modelled convectively-generated gravity wave

2. Data Sources
2.1. The High Resolution Dynamics Limb Sounder
HIRDLS is a limb-sounding 21-channel filter radiometer currently flying on NASA’s Aura satellite, part of the
A-Train constellation of low-Earth-orbit sun-synchronous
satellites. HIRDLS was designed to take global measurements of atmospheric radiances at high vertical resolution,
∼1 km, from the upper troposphere to the lower mesosphere.
The instrument suffered a significant loss of functionality
on launch when an optical blockage, believed to be a piece of
the instrument’s Kapton lining, came loose and obscured a
significant proportion of the viewing aperture. As a result of
this, significant corrective work [Gille et al., 2008] has been
required to obtain scientific data; while this work is still ongoing, several atmospheric products, including temperature
and pressure, have now been released for scientific use. Data
are available from late January 2005 until early 2008, when
a failure of the optical chopper led to data collection ceasing.
A further consequence of this partial failure was the loss
of cross-track scanning capability. The original HIRDLS
mission profile called for the instrument to scan in azimuth,
producing a two dimensional mesh of profiles along the orbit
track at 500 km spacing. As the blockage obscures around
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80% of the field of view, however, measurements can only be
made at an azimuth of 47◦ to the orbital plane of the satellite on the side facing away from the sun. Consequently, the
instrument in operation has a much closer horizontal spacing
between profiles of ∼75-100 km. This allows the detection of
much finer along-track horizontal features than would have
been made under the original mission profile, strongly facilitating gravity wave studies. HIRDLS profiles cover the
globe from 62S to 80N, with an ascending-node inter-orbit
spacing of around 25◦ .
The method used to derive gravity wave data for this
study is the same as that used in Wright et al. [2010] and
Alexander et al. [2008]. Briefly, planetary-scale waves are
removed using a Fourier analysis of daily-gridded data, and
then consecutive pairs of temperature profiles derived from
HIRDLS radiances are processed with the Stockwell, or S,
Transform [Stockwell et al., 1996]. The cospectrum of the
∗
two profiles Ci,i+1 = T̃i T̃i+1
, where Ci,i+1 is the cospectrum
and T̃i , T̃i+1 the transformed profiles, is then analysed to
produce estimates of temperature perturbations due to gravity waves, and the vertical and horizontal wavelengths of
those waves. The method of Ern et al. [2004] is then used
to derive the along-track component of the vertical flux of
horizontal momentum due to these waves. Momentum flux
is defined here as
MF =
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where ρ is the atmospheric density, λz the vertical wavelength of, kh the horizontal wavenumber of, and T̂ the temperature perturbation due to the wave under consideration,
g is the acceleration due to gravity, N the Brunt-Väisälä
frequency, T the unperturbed background temperature, and
MF the resulting momentum flux. This expression assumes
the midfrequency approximation, whereby waves are small
enough not to be significantly affected by Coriolis forces but
are larger than small-scale acoustic waves; as discussed in
Wright et al. [2010], this is a reasonable assumption for the
waves under consideration in this study.
The results so obtained form a lower bound to the actual
vertical flux of horizontal momentum present: due to the
low probability of the horizontal wavevector of the gravity
wave lying along the direction of travel of the satellite, they
represent only the component of the signal lying along the
satellite’s line-of-sight vector. Changes in the direction of
propagation of the waves will consequently lead to different
measurements, which will vary on a case-by-case basis. They
also sample only a portion of the gravity wave wavelength
spectrum due to resolution considerations [Alexander et al.,
2010]. Outlying MF profiles, defined as those with values
more than 3 standard deviations above the global mean at
the 0.3 hPa pressure level, have been removed prior to analysis; in particular, this removes several entire days from early
2007, which appear as a vertical white stripe of missing data
on the plots of figures 1 and 3. This is most probably due to
ongoing problems with the HIRDLS instrument corrections.
2.2. Outgoing Longwave Radiation
To compare our HIRDLS-derived gravity wave momentum fluxes to possible convective sources, either a direct
source of convection data or a proxy to this is required. Due
to our geographically and temporally widespread data requirements, the data source used here as a convective proxy
is NOAA’s mean daily Interpolated Outgoing Longwave Radiation (OLR) dataset. This provides data globally on a 2.5◦
by 2.5◦ scale, running from June 1974 to the present day.
Data are primarily sourced from NOAA’s satellite time series, with gaps filled via temporal and spatial interpolation
[Liebmann and Smith, 1996].
OLR is inversely related to deep atmospheric convection:
a low measured value of OLR corresponds to low cloudtop

temperatures, such as those at the top of the tall cloud systems associated with tropical convection. Accordingly, low
values of OLR should be correlated with high momentum
fluxes, assuming a convective source for the gravity waves
we measure.
2.3. The Tropical Rainfall Measuring Mission
A key feature of the monsoon is heavy rainfall. Accordingly, we would also like to compare measured rainfall to
our momentum fluxes. The source used for this data is
the three-hourly 0.25◦ × 0.25◦ gridded precipitation rate
product produced by the Tropical Rainfall Measuring Mission [TRMM, Huffman et al., 2010]. This is an integrated
level-3 data product, produced from data measured by the
TRMM Precipitation Radar, TRMM Microwave Imager and
TRMM Visible Infrared Scanner, and extends from 1998 to
the present day. Spatial coverage extends from 50S to 50N.
Data for each day have been obtained by averaging over the
eight daily measurements.

3. Global-Scale Observations of the northern
hemisphere monsoon in HIRDLS Data
Figure 1 shows time series of (top) mean MF at the
5 hPa pressure surface, (middle) summed TRMM precipitation and (bottom) mean OLR. In each case, the data have
been averaged over the latitude band 10N-30N, and plotted against longitude and time, for the three years of the
HIRDLS mission. This region was selected to focus on the
band of monsoon regions in the northern tropics. The OLR
and TRMM data are shown at their reported resolutions as
discussed in section 2, whilst the MF data are shown in bins
of 1 day and 20◦ . This large longitudinal bin width is due to
the coarse orbital coverage of the Aura satellite at tropical
latitudes. The data, particularly for MF, exhibit significant
day-to-day variability, and have accordingly been smoothed
by 5 days to aid interpretation; no additional longitudinal
smoothing other than that inherent in the binning process
has been applied.
In boreal summer (June – September), a clear signal of
significantly heightened momentum fluxes is seen in all three
years. Three key peaks are observed each year, corresponding temporally and spatially with the South and East Asian,
African, and North American summer monsoons. Equivalent behaviour can be observed in the TRMM and OLR
data, with peaks and troughs in the TRMM and OLR respectively corresponding to the same periods. Values are
generally lower for all these regions during the 2006 monsoon period. This is believed to be due to Doppler phaseshifting and critical-level filtering by the quasi-biennial oscillation (QBO). In 2006, the QBO was in a easterly phase
throughout the lower stratosphere, whilst in the other two
years QBO winds were westerly; even without any significant
source variation, this will have led to substantially different
MF levels throughout the tropical stratosphere.
The first, the South and East Asian monsoon, is observed
peaking over the longitude ranges 60-140E from early June
until early August. This is the strongest of the three signals.
The African monsoon is visible from 20W to 50E, starting
slightly later in mid-July and dying down in September. Finally, the American monsoon is visible from around 120W
to 60W, lasting from early July until late August. These
dates and locations correspond well with those expected for
the monsoon based on, for example, precipitation and wind
data [Zeng and Lu, 2004; Li and Zeng, 2002]. Secondary
peaks are also observed in boreal winter, but these are substantially weaker than the summer peaks.
This summertime monsoon contribution to the annual
momentum flux values is significant as a proportion of the
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total annual momentum flux at these latitudes. If we consider the period from mid-May to September 2005, nearly
half (49%) of the measured MF for the year over this latitude band at 5 hPa is measured in slightly over a third (36%)
of the year, with a mean daily measured value during the
monsoon period 1.47 times as high as the mean for the remainder of the year. This shows clearly that the monsoon
is an important factor in the gravity wave climatology at
tropical latitudes.

4. Individual Monsoons
We have selected monsoon regions using the definitions
of Li and Zeng [2002]. In this study, they propose an index for the monsoon based upon the dynamical normalised
seasonality, defined in terms of the seasonal variation of the
magnitude of the wind fields. Based upon this, they obtain eight monsoon regions, as illustrated in figure 2. The
bounds of these regions are outlined in Table 1. It should be
noted that three of these regions (Australia, the Southern
Equatorial West Indian Ocean zone (SEWIO), and South
America) lie in the southern hemisphere whilst the rest lie
in the north, with relevant consequences for their seasonalities. The tables, figures and subsections below are discussed
in alphabetical order.
Figures 3 and 4 show individual MF height-time series
for each of these regions. Figure 3 shows absolute MF measured over the full three years of available data. In figure
4, the same data is shown, averaged for each day of the
year and normalised at each height level to equal one at
the peak value and zero at the lowest value. For each series, the upper plot shows the MF measured as a function of
height (vertical axis) and time (horizontal axis), whilst the
lower plot shows (green) outgoing longwave radiation and
(blue) TRMM precipitation values over the same time period. Data have been smoothed by 5 days in the horizontal,
but no additional smoothing has been applied in the vertical
beyond that inherent in the retrieval process. TRMM values
have been normalised to a peak value of 1 in both figures
due to the substantial variation between regions; OLR and
MF values have been normalised to a peak value of 1 in the
annualised data but the original values are shown in figure
3.
Table 2 gives linear Pearson correlation coefficients between the OLR time series, the TRMM time series, and the
MF time series at 5 hPa for the annualised dataset. The
5 hPa level has been chosen as it lies in the middle vertically
of the peak height range of increased MF for each of the
individual plots in figure 4, and consequently should give
results representative of this whole height range. This table
also shows quantitative estimates of the contribution of the
monsoon to regional momentum fluxes at the 5 hPa level,
expressed as a percentage of the total annual MF at this
level and as the percentage increase over the average nonmonsoon levels. It should be noted that these estimates use
the most generous interpretation possible of the monsoon
periods defined in table 1, and accordingly will be underestimates of the additional contribution, both due to the
practical onset and end of the monsoon being after and before the beginning and end of the months listed respectively,
and due to the observed increased MF levels in some regions
being for a shorter period than expected. See individual sections for further details of this.
It should be noted that we expect the OLR data to be
inversely correlated with deep convection, and accordingly
to exhibit negative correlations with the other two datasets.
To simplify the discussion, the absolute values of these correlations have been used in the table and in the text below;
all values calculated were in fact negative, as would be expected. Additionally, the TRMM and OLR data are from
highly-refined Level 3 datasets, whilst the MF is, as discussed in section 2.1, only a lower bound to the true value,
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and consequently would be expected to give lower correlation coefficients than those between the other two datasets
even if the real MF present in the atmosphere were perfectlycorrelated.
Certain geographic regions (North America, South America, and the SEWIO) appear in the momentum flux time
series (figures 3 and 4) to be substantially noisier than the
others. However, if we examine the geographic extent of
these regions, figure 2, we note that they are significantly
smaller than the other five regions considered, and accordingly the apparent additional noise is primarily due to the
reduced amount of data being averaged over. Ideally, this
would be controlled for while generating the results, but to
do so would involve either significantly increasing the area
of these regions beyond the areas believed to exhibit monsoon meteorology, or reducing the area of the other regions
and hence discarding useful data. Accordingly, this has not
been controlled for, but should be borne in mind when considering the results obtained.
4.1. Africa
Panel (a) of figures 3 and 4 shows the results for the
African region. This is centred on the north tropics, spreading across nearly the whole width of the African continent,
and covers the Sahel and West Africa.
Considering first the full time series in figure 3, we
see a very consistent pattern over all three years of OLR
falling and precipitation increasing in boreal summer (May
– September), the expected African monsoon period. This is
also seen in the annualised OLR and precipitation data (figure 4). The correlation between the two annualised series
is 0.96, indicating a near-perfect correspondence between
the five-day-smoothed deep convection and rainfall in this
region.
MF values also show a strong annual pattern, with annual peaks in boreal summer corresponding well with the
convective peaks in the OLR and TRMM datasets. The
temporal variation is generally smooth. The annualised results show a strong peak at all altitudes above ∼20 hPa.
This peak starts to rise from a low springtime background
during May, reaching a significant peak at all stratospheric
altitudes lasting from June to September, with significantly
lower values in boreal winter.
A 0.64 correlation is observed between OLR and 5 hPa
MF, and a 0.71 correlation between TRMM and 5 hPa MF.
These values are both indicative, given the aforementioned
limitations of the MF data, of good agreement between the
monsoon climatology at surface levels and increased momentum fluxes at stratospheric levels. No significant seasonal
variation in MF is observed below 20 hPa. Levels of momentum flux are generally lower in 2006 than the other two
years; this is as observed in the other regional studies and
on a global scale in figure 1, and is believed to be due to the
effects of the QBO. Around 52% of annual MF in the region
at the 5 hPa level is observed during the monsoon period,
which lasts 42% of the year.
4.2. Australia
We next consider the results for the Australian region,
shown in panel (b). At these longitudes, as observed also at
lower latitudes in figure 1, there is a significant gap in the
TRMM precipitation time series, and consequently numerical values of the TRMM correlations with OLR and MF
have not been computed as we do not have sufficient data
to compute a full annualised time series.
The correlation between MF and OLR is similar to that
obtained for Africa, at 0.66, and inspection by eye of the partial TRMM time series for both the full and annualised data
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series show a good level of agreement with the TRMM data
for both the MF and OLR series. The variation of MF at all
heights is generally smooth and clearly seasonal. Heightened
MF values are observed at all levels above ∼40 hPa in austral
summer, from late December until mid-March, corresponding exactly to the expected monsoon period. Heightened
levels are also observed at low altitudes in austral winter:
these do not correspond to any significant features in either the OLR or TRMM time series, and presumably arise
from a different geophysical source. Significant interannual
variability is observed between the winter maxima.
The Australian region exhibits the greatest increase in
measured MF at 5 hPa of all the regions considered: 44%
of annual MF is measured during the monsoon, with levels
45% above the mean for the remainder of the year.
4.3. East Asia
East Asia is shown in panel (c). As with the Australian
region, there are significant gaps in the TRMM precipitation
time series; however, there are sufficient data to provide at
least one point for each day of the year, and consequently
an annualised time series has been computed and correlation
coefficients obtained.
The OLR-TRMM correlation of 0.81, while high, is
weaker than for any region except the North American monsoon region, discussed below. This is probably due to the
reduced TRMM data coverage in 2005 and early 2006, which
may skew the annualised mean used for the correlation calculation away from the OLR series sufficiently to lead to this
lower result. The OLR-MF correlation coefficient obtained,
0.67, is in the upper half of results obtained; given the relatively small range of OLR values in this part of the world
(lower panel of figure 3, panel c), this agreement shows that
the MF in this region is tightly tied to the convective variation. Despite the missing data, the TRMM-MF correlation,
at 0.60, is still high by comparison to several of the other
regions studied. The peak MF period lasts from June to
August, exactly as expected, and 34% of MF is measured
during this time, a 37% increase above background levels.
4.4. North America
4.4.1. Li and Zeng Region
Panel (d) illustrates the results for the North American
region defined by Li and Zeng [2002]. The correlation between TRMM and OLR results is poor (0.25), and there
is also poor correspondence between TRMM and 5 hPa MF
(0.26). The correlation between OLR and 5 hPa MF is substantially better (0.52), but still worse than that in any of
the other regions under consideration.
If we consider the time series in figures 3 and 4, we see
that, by comparison to the regions studied so far, the seasonal peaks of North American momentum flux are significantly less well-defined, particularly in winter. In the full
time series, we observe distinct peaks in different seasons,
which are varied in their structure. In particular the boreal
winter 2005/06 peak lasts longer and is of a similar magnitude to the boreal summer peaks in 2005 and 2006, the
boreal winter 2006/07 peak is weaker and shorter, and the
boreal summer 2007 peak is longer and more powerful than
the other two years. Consequently, the annualised results
exhibit significant noise, with normalised values jumping
around for most of the year and at all altitudes. This is partially due to the relatively small area under consideration,
as described above, but given that the area is substantially
larger than the South American region but exhibits similar
variability, this may not be the only factor. The increase in
MF measured at 5 hPa is also significantly smaller than the
other regions considered, with only a 13% increase over the
non-monsoon mean recorded.
A boreal summer (June – August) peak is observed at
altitudes above ∼30 hPa, and a significantly more noisy

heightened period during boreal winter (November – February) at all altitudes. Both of these periods correspond to
reduced OLR, but the winter precipitation only shows a
small increase. The summer reduction corresponds to reduced OLR and increased TRMM, but with a lag: precipitation levels remain high and OLR low for several weeks after MF levels die back to background levels, with the OLR
returning to higher levels within around a month and the
increased precipitation lasting for nearly two months. Examining again the full time series, we see that this is not
an artifact of the averaging, and that the reduced OLR and
increased precipitation do last substantially longer than the
heightened MF for all three years. We therefore conclude
that the correspondence between the MF, OLR and TRMM
is as poor as the coefficient suggests.
4.4.2. Expanded Region
The signal observed over the Americas in figure 1 is strong
and clear, and exhibits the correct seasonality for the North
American monsoon. This suggests the possibility that the
region we have selected for analysis, based upon the dynamic
normalised seasonality of Li and Zeng [2002], may not be the
same as region of heightened MF we observe there.
Li and Zeng [2002] define the North American monsoon
region as 17.5N-35N, 100W-120W, but in the 10N-30N band
we observed heightened MF values from 60W-120W, a considerably larger region. Accordingly, this region has been
examined separately; the bounds used are listed in the final
row of table 1. Figure 5 shows the three-year and annualised
results for this region. Correlation coefficients were also recomputed for this region; the results obtained are shown in
the last row of table 2.
The new region exhibits a significant strengthening in the
TRMM-OLR correlation, increasing from 0.25 to 0.94. The
TRMM-MF and OLR-MF results obtained, however, are
broadly equivalent to those obtained for the smaller region
(0.38 vs 0.26 and 0.50 vs 0.52 respectively), and, again, the
period of reduced OLR and increased precipitation in the
summer lasts much longer than the increased MF levels.
This suggests that the poor MF correlations are not due
to the precise region selected. However, it is clear that the
MF is related to the OLR and precipitation in at least some
way, as reduced OLR and heightened rainfall are observed
in both the summer and winter enhanced-MF periods. Several processes could potentially explain this: some form of
filtering process may be reducing the stratospheric MF in
the later part of the enhanced precipitation/reduced OLR
period, the region under consideration may still be poorlyselected and the averaging including other regions which do
not exhibit monsoon effects, or some other meterological
process may be moving increased rainfall into the region under consideration without increased convective generation.
Alternatively, wind shear prosses in the upper troposphere
may be altering the propagation of convectively-generated
gravity waves before they reach the lower height bound of
our analysis [Gong and Geller , 2010]. It is also important to
note the winter peak in MF values in this region, which does
not coincide with a change in precipitation or OLR. Further
study is required to explain this relationship further.
4.5. SEWIO
We next consider the SEWIO, panel (e). As with Australia, above, this is in the southern hemisphere, and exhibits the opposite seasonality to the northern hemisphere
regions under consideration. The TRMM-OLR correlation
is again high (0.93), and the OLR-5 hPa MF and TRMM5 hPa MF correlations are also good (0.69 and 0.59 respectively).The main MF peak is at altitudes above 10 hPa and
during austral summer, lasting from early December until
March. This in in agreement with the expected monsoon
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period for this region. There are additional spikes in MF
at high altitude during Austral spring (July-October), but
these do not appear to be related to the surface climatological features under consideration. A 35% increase in MF at
the 5 hPa level is observed, with 53% of MF emitted during
this period.
4.6. South America
The geographically smallest region, South America, is
shown in panel (f). This region shows fair OLR-MF
(0.61) and TRMM-MF (0.66) correlations and a good (0.96)
TRMM-OLR correlation. The main MF and TRMM peak
and OLR trough is in mid-late austral winter, January –
March, and exists at all heights above ∼70 hPa. This is only
the latter half of the expected monsoon season. The heightened period in the annualised data is fairly choppy, jumping
from low to high values and back in quick succession, but
this choppiness corresponds well to the OLR and TRMM
series. Heightened levels of MF are seen at low altitudes
in austral midwinter (May – September) and at high altitudes in austral late winter and spring (July – November),
but these signals do not correspond to any apparent signal
in the OLR or TRMM time series. A 26% increase in MF
at 5 hPa is measured during the South American monsoon,
representing 62% of annual MF in half the year, but this
calculation assumes that the monsoon lasts the full period
described in Li and Zeng [2002], and is hence a significant
underestimate of the additional contribution.
4.7. South Asia
Panel (g) shows results for the South Asian area, extending over the northern Indian Ocean, Bay of Bengal, southern Arabia and India. The region generally most associated
with the monsoon phenomenom, the Indian monsoon is one
of the key features of global meteorology. Good correlations are observed between all three datasets (OLR–TRMM
0.94, OLR–MF 0.75 and TRMM–MF 0.61). In particular,
the OLR-MF correlation is the best of all eight regions under
consideration. A clear seasonal cycle is seen in the three-year
time series in all three quantities, which shows up clearly
in the annualised data at all height levels above ∼10 hPa.
Values do not exhibit significant seasonal variation at altitudes below this. The heightened values last from June to
September, exactly as expected for this monsoon. Around
half (48%) of 5 hPa MF is measured during the third of the
year this monsoon lasts, a 25% increase on the non-monsoon
period.
4.8. South China Sea
Finally, panel (h) shows results over the South China Sea.
As with East Asia, above, there is some missing TRMM
data, but sufficient remains to provide a full annualised time
series and hence correlation coefficients.
These data again show a very high degree of correlation
between TRMM and OLR (0.96), but weaker correlation
between OLR and MF (0.58) and TRMM and MF (0.49).
Examining first the full time series, we see a clear trend of
heightened MF from June to August; as with South America, this is a shorter period than that expected. This is very
strongly apparent in the annualised data, with high MF values at all altitudes throughout the summer. The period of
reduced OLR and heightened TRMM, however, extends for
much longer, beginning in late May and continuing until late
September; this agrees with the full monsoon period for this
region. Heightened levels of MF are observed at altitudes
below ∼30 hPa in brief periods throughout the year, but do
not appear to be correlated with the OLR and TRMM data.
Excluding the North American analyses, this is the region with the smallest additional increase in MF during the
monsoon period: only a 15% increase in MF at the 5 hPa
level is measured. This may be due to other strong gravity wave generation mechanisms in the reigon during winter:
the South China Sea is a major region for strong typhoons,
which provide another strong convective mechanism in this
region with a seasonality largely opposed to the monsoon.
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5. Conclusions
Our results show clearly a strong relationship of stratospheric momentum fluxes with the monsoons, on both global
and localised scales. A clear seasonal dependence is seen,
with enhanced MF observed throughout the stratosphere
for the whole monsoon season in five of the eight monsoon
regions and at least part of the season in the other three.
These periods of enhanced MF provide a significant portion
of the global tropical internal gravity wave momentum budget; considering the northern tropics (10N-30N) as a whole,
a near-50% increase in momentum fluxes is observed for the
entire monsoon season above the average for the rest of the
year, providing nearly half of the annual MF measured in a
little over a third of the year. For individual monsoon regions, the measured increase is a little lower, with typically
a 30% increase in MF measured at the 5 hPa level during the
monsoon: this is, however, still a massive source of MF, with
consequent impacts upon upper atmospheric circulation.
Given the inherent limitations of current gravity wave detection capabilities, the correlations we observe between MF
and OLR and between MF and TRMM, averaging (omitting North America) 0.65 and 0.61 respectively, are indicative of a strong relationship between monsoon convection
and stratospheric gravity waves. However, the limitations
of the current generation of instruments obviously limit our
capability to measure this relationship fully. In particular,
the technique used here poorly estimates the wavelength of
waves propagating at a high angle to the satellite orbital
track. This measurement depends upon both the satellite’s
orbital alignment and upon the form and true wavelength of
the waves being sampled, and is accordingly hard to quantify. At tropical latitudes, where the orbital path of Aura is
oriented meridionally, waves propagating zonally will appear
to have substantially longer wavelengths than they actually
possess, resulting in a significant underestimate of the true
MF present.
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Table 1. Table detailing the regions studied. Definitions
have been taken from Li and Zeng [2002], except for the second
North American region, which is defined in section 4.4.
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Longitude
Period
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20W-40E
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South Asia 5N-22.5N
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South China Sea
0N-25N
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60W-120W
n/a

Jiang, J. H., B. Wang, K. Goya, K. Hocke, S. D. Eckermann, J. Ma, D. L. Wu, and W. G. Read (2004), Geographical distribution and interseasonal variability of tropical deep convection: UARS MLS observations and analyses,
Journal of Geophysical Research, 109 (D3), D03,111+, doi:
10.1029/2003JD003756.
Li, J., and Q. Zeng (2002), A unified monsoon index, Geophysical
Research Letters, 29 (8), 1274+, doi:10.1029/2001GL013874.
Liebmann, B., and C. Smith (1996), Description of a complete
(interpolated) outgoing longwave radiation dataset, Bulletin
of the American Meteorological Society, 77, 1275–1277.
McLandress, C., M. J. Alexander, and D. L. Wu (2000), Microwave Limb Sounder observations of gravity waves in the
stratosphere: A climatology and interpretation, Journal of
Geophysical Research, 105 (D9), 11,947–11,967.
Parameswaran, K. (2000), Altitude profiles of temperature from
4 to 80 km over the tropics from MST radar and lidar, Journal
of Atmospheric and Solar-Terrestrial Physics, 62 (15), 1327–
1337, doi:10.1016/S1364-6826(00)00124-3.
Pautet, P. D., M. J. Taylor, A. Z. Liu, and G. R. Swenson (2005), Climatology of short-period gravity waves observed over northern Australia during the Darwin Area Wave
Experiment (DAWEX) and their dominant source regions,
Journal of Geophysical Research, 110 (D3), D03S90+, doi:
10.1029/2004JD004954.
Pfister, L., K. R. Chan, T. P. Bui, S. Bowen, M. Legg, B. Gary,
K. Kelly, M. Proffitt, and W. Starr (1993), Gravity Waves Generated by a Tropical Cyclone During the STEP Tropical Field
Program: A Case Study, Journal of Geophysical Research,
98 (D5), null+, doi:10.1029/92JD01679.
Preusse, P., and M. Ern (2005), Indication of convectively generated gravity waves observed by CLAES, Advances in Space
Research, 35 (11), 1987–1991, doi:10.1016/j.asr.2004.09.005.

Preusse, P., G. Eidmann, Eckermann, B. Schaeler, R. Spang,
and D. Offermann (2001), Indications of convectively generated gravity waves in CRISTA temperatures, Advances
in Space Research, 27 (10), 1653–1658, doi:10.1016/S02731177(01)00231-9.
Stockwell, R. G., L. Mansinha, and R. P. Lowe (1996), Localization of the Complex Spectrum: The S Transform, IEEE
Transactions on Signal Processing, 44 (4), 998–1001.
Watanabe, S., Y. Kawatani, Y. Tomikawa, K. Miyazaki,
M. Takahashi, and K. Sato (2008), General aspects of
a T213L256 middle atmosphere general circulation model,
Journal of Geophysical Research, 113 (D12), D12,110+, doi:
10.1029/2008JD010026.
Wright, C. J., S. M. Osprey, J. J. Barnett, L. J. Gray, and J. C.
Gille (2010), High Resolution Dynamics Limb Sounder measurements of gravity wave activity in the 2006 arctic stratosphere, Journal of Geophysical Research, 115, D02105, doi:
doi:10.1029/2009JD011858.
Yan, X., N. Arnold, and J. Remedios (2010), Global observations of gravity waves from High Resolution Dynamics Limb Sounder temperature measurements: A yearlong
record of temperature amplitude and vertical wavelength,
Journal of Geophysical Research, 115 (D10), D10,113+, doi:
10.1029/2008JD011511.
Zeng, X., and E. Lu (2004), Globally Unified Monsoon
Onset
and
Retreat
Indexes,
Journal
of
Climate,
17 (11),
2241–2248,
doi:10.1175/15200442(2004)017%3C2241:GUMOAR%3E2.0.CO;2.

X-8

WRIGHT AND GILLE: HIRDLS MONSOON GRAVITY WAVES

Figure 1. (top) HIRDLS mean MF at 5 hPa, (middle)
TRMM cumulative precipitation and (bottom) NOAA
mean OLR, averaged over the latitude band 10N–30N,
and plotted against longitude and time, for the years
2005–2007.
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Figure 2. Map illustrating the monsoon regions studied.
The solid black band highlights the latitude range illustrated in figure 1, and the individual grey boxes the monsoon regions as defined in table 1. The enlarged North
American region analysed separately is indicated with a
dashed border.
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Figure 3. Time series of (top) momentum flux against
height and time and (bottom) outgoing longwave radiation and TRMM precipitations against time for each of
the selected regions. Precipitation values have been normalised to the peak value for that region over the threeyear period 2005–2007. All data have been smoothed by
five days to aid visual interpretation.
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Figure 4. Time series of (top) momentum flux against
height and time and (bottom) outgoing longwave radiation and TRMM precipitations against time for each of
the selected regions. Data have been averaged for each
day of the year, and plotted as a proportion of the full
range of values at that height level. Data have been
smoothed by five days before annualisation
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Figure 5. Time series of momentum flux for the enlarged North American region (top) against height and
time for the three years 2005–2007 and (bottom) averaged for each day of the year and plotted as a proportion
of the full rage of values at that height level
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Table 2. (Second to fourth columns) correlations between
the datasets for annualised time series. O-T represents OLRTRMM, O-M OLR-MF, and T-M TRMM-MF. (Next two
columns) percentage of total annual momentum flux emitted
in monsoon period as defined in table 1, and percentage of
year that this period represents. (Last column) percentage
increase in MF emitted during monsoon period as compared
to remainder of year. Data have been smoothed by five days
prior to these analysis. Values for TRMM correlations over
Australia have been omitted due to gaps in the annualised
TRMM time series over this region.

Region
Africa
Australia
East Asia
North America
SEWIO
South America
South Asia
South China Sea
North America (2)

O-T O-M T-M % MF % T % extra
0.96 0.64 0.71
52
42
11
— 0.66
—
44
33
45
0.81 0.67 0.60
34
25
37
0.25 0.52 0.26
37
33
13
0.93 0.69 0.59
53
41
35
0.96 0.61 0.66
62
50
26
0.94 0.75 0.61
48
33
25
0.96 0.58 0.49
61
50
15
0.94 0.50 0.38
44
33
22
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