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Abstract. The intraseasonal variability of gravity waves (GWs) in the
austral summer middle stratosphere was examined using dedicated high-
resolution temperature retrieval from the Atmospheric Infrared Sounder
data. Composite maps were made of stratospheric GW temperature
variances, large-scale zonal winds around the tropopause, and
precipitation based on the real-time multivariate Madden-Julian
Oscillation (MJO) index. Regional distributions of these quantities are
synchronized with the MJO: The GW variances are larger for stronger
precipitation, and for more strongly westward wind around the
tropopause at a given precipitation. These results suggest that the GWs
observed by AIRS in the stratosphere originate from convection.
Moreover, it is shown that the zonal wind around the tropopause likely
controls the GW propagation into the stratosphere by a critical level
filtering mechanism. This means that the MJO can modulate the middle
atmospheric circulation by regulating the GWs in two ways, namely,

generation and propagation.
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1. Introduction

Recent previous studies using high resolution temperature data from satellites such
as the Microwave Limb Sounder (MLS) and HIgh Resolution Dynamics Limb Sounder
(HIRDLS) and from simulation by gravity-wave (GW) resolving general circulation models
(GCM) indicate that GW activity is high in the summer subtropics [McLandress et al., 2000;
Jiang et al., 2004; Sato et al., 2009; Wright and Gille, 2011]. It is considered that such GWs
originate from vigorous convection based on similarity of regional distributions. GWs in the
summer subtropics are important for driving the residual mean circulation not only in the
mesosphere but also in the stratosphere. In particular, GWs are important drivers of the
summer-hemispheric part of the winter cell of the Brewer-Dobson circulation where
stationary planetary waves cannot propagate upward into the westward background wind
[Okamoto et al., 2011]. Data from the Atmospheric Infrared Sounder (AIRS) having high
horizontal resolution has been used to examine convectively generated GWs with relatively
small horizontal wavelengths and long vertical wavelengths in the stratosphere as radiance
perturbations [Wu et al., 2006; Kim et al., 2009; Hecht et al., 2009; Grimsdell et al., 2010;
Hoffmann and Alexander, 2010; Yue et al., 2013].

It is well known that large-scale convective systems in the tropics migrate eastward
as the Madden-Julian Oscillation (MJO) with 30-60 day time periods [Zhang, 2005] and a
characteristic regional distribution. Although convection is an important source of GWs, few
studies have focused on the relation between GWs and convection systems in terms of
spatiotemporal variation on such intraseasonal time scales. Thus, in the present study, the
intraseasonal variation of GWs in the middle stratosphere is examined in terms of the
regional distribution using recently-retrieved high-resolution temperature data from AIRS

observations [Hoffmann and Alexander, 2009]. The precipitation at the ground is used as an
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index of the convection activity. Gravity waves in the tropics can vary as the El Nino-
Southern Oscillation with interannual time scales. This issue will be examined in a
companion paper [Sato et al., submitted to J. Geophys. Res., hereafter referred to as
STAHIS5].

By using a high-resolution general circulation model resolving GWs explicitly
without any GW parameterizations [Watanabe et al., 2008], Sato et al. [2009] examined
GWs in a meridional cross section covering altitudes from the ground to the upper
mesosphere with fine vertical resolution. This model succeeded in simulating realistic
dynamical fields in the middle atmosphere and hence the simulated wave fields (including
GWs) could be analyzed as surrogates of the real atmosphere. Sato et al. [2009] showed that
GWs are dominant in the subtropical monsoon region in the lower stratosphere, and they
likely originate from vigorous convection. They also indicated that strong westward winds
in the monsoon region at the tropopause level are important for the penetration of GWs into
the middle atmosphere. Thus, the zonal winds at 100 hPa, roughly corresponding to the
tropopause, are also examined in relation to the GW activity observed by the AIRS.

In Section 2, the data used in the present study and the analysis methods are
described. Intraseasonal variations of GW variances in the middle stratosphere are examined
in terms of the MJO in Section 3. In Section 4, results are summarized and concluding

remarks are made.

2. Data and method of analysis

AIRS [Aumann et al.,, 2003] measures thermal emissions of atmospheric
constituents with hyperspectral resolution (2378 channels). The footprint size is 13.5 km at
nadir and 39.6 km at its edge, and the scan interval along the satellite orbit is 18 km at nadir.

AIRS scans across the track with a horizontal distance of 1765 km on the ground [Hoffmann
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et al., 2013]. In the present study, new temperature retrieval data with the AIRS native
horizontal resolution [Hoffmann and Alexander, 2009] are used. Note that the AIRS
operational temperature retrieval data have a coarser horizontal resolution by a factor of 3x3
compared to this high-resolution retrieval. As a larger number of 4.3 and 15 um channels
were used to retrieve the temperature during nighttime [Hoffmann and Alexander, 2009], the
signal-to-noise ratio is higher for nighttime than for daytime measurements. Thus, we used
only data in the nighttime when the solar elevation angle is less than —20°. In addition, as
the retrieval noise is lowest at altitudes of 25-45 km [Hoffmann and Alexander, 2009], we
mainly focus on data at an altitude of 39 km, approximately corresponding to 3 hPa. The
vertical resolution of the retrieval is about 9 km at that level. It may be worth noting here
that the GW characteristics around 3 hPa by the AIRS high-resolution retrieval data were
consistent with the simulation by the GW resolving general circulation model [Watanabe et
al., 2008; Sato et al., 2009] in terms of the magnitude and horizontal distribution of GW
variances when an observational filter for the AIRS measurement was taken into account
(not shown).

Global Precipitation Climatology Project (GPCP) version 1.2 data [Huffman et al.,
2001] are used to analyze precipitation as an indicator of convective activity. We also use
daily-mean data from the Modern Era Retrospective Analysis for Research and Applications
(MERRA) [Rienecker et al., 2011] to examine the background wind field through which the
GWs propagate. The real-time multivariate MJO (RMM) index' [Wheeler and Hendon,

2004] is used to see the variation of the horizontal distribution of MJO precipitation and

! The time series of the RMM index obtained using the NCEP operational data are

provided at the site “http://cawcr.gov.au/staff/mwheeler/maproom/RMM/”
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synchronization with GW variances.

The GW temperature fluctuations are extracted from the AIRS temperature retrieval
by subtracting a large-scale temperature field from the original data. The large-scale
temperature field is obtained by a regression of the original temperature data onto a second-
order polynomial function across the track, and by applying a running mean with a length of
31 grid points along the track. Considering the footprint size described above, the large-scale
temperature field obtained in this way have horizontal scales greater than about 550 km.

Next the GW amplitudes and horizontal wavelengths are estimated by applying an
S-transform [Stockwell et al., 1996] to two adjacent data scans along the satellite orbit
[Alexander and Barnet, 2007]. From the signal with the highest covariance in the S-
transform spectra, the horizontal wavelengths, the direction of horizontal wavenumber
vector, and the squared temperature amplitudes (hereafter referred to as GW variances) are
obtained. A similar perpendicular analysis was performed on adjacent rows of data along the
satellite orbit. Among these two sets of wave parameter estimates obtained from the S-
transform analyses for the data series along the orbit and from that for the data series across
the orbit, we retained those wave parameters for which the angle between the horizontal
wavenumber vector and the direction of data series is smaller. Horizontal wavelengths which
can be detected in this way are in the range of 50—700 km. It was also seen from the power
spectra derived from data without any GW events that noise of this new retrieval data is
mainly distributed in the horizontal wavelength range shorter than 70 km [STAH15]. To
further reduce the effects of noise, we did not include the data in the analysis when and where
the background wind at 3 hPa was weaker than 10 m s~ !, since it is expected that the majority
of GWs in such conditions have vertical wavelengths too short to be detected by AIRS. It

was confirmed that this exclusion has little effect on the GW variance distribution that will
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be shown in later sections. See STAH15 for more details of the analysis.

The analyzed time period is December to March of 2003-2011 when the MJO is
dominant. The analysis is focused on the Southern Hemisphere (SH) subtropical region
where GW variance is significantly large in the austral summer. Mean GW variance and

precipitation were obtained at respective bins of 2.5° latitude and 10° longitude.

3. Results

We first investigate the characteristics of the GW variance around 3 hPa on
intraseasonal time scales from 10 days to several tens of days as a function of time and
longitude. Figures la and 1b respectively show the longitude-time sections of the
precipitation and the GW variance around 3 hPa, averaged for latitudes of 0°-20°S, in the
austral summer from December to March of each year. The zonal wind at 100 hPa is also
shown with contours in Figure 1b. It is clear in Figure 1a that the regions where precipitation

is greater than 8 mm day !

move eastward. This eastward propagation of the precipitation
regions is associated with the MJO. An interesting feature is that the regions with GW
variance greater than 0.9 K? similarly propagate eastward, especially in the longitude region
of about 60°E—120°W. It is also worth noting that the zonal wind at 100 hPa is westward in
the regions where the large GW variance was observed, and that the GW variance is small
where the zonal wind is weak or eastward (Figure 1b). The zonal wind contour of 5 m s’
seems to trace the eastern edge, i.e., the forefront of the large GW variance region at east
longitudes to the west of the dateline. This feature suggests that the zonal wind at 100 hPa
strongly affects upward propagation of GWs.

At each longitude, correlation coefficients between the time series of the

precipitation and the GW variance were calculated (Figure 2a). The 99% confidence level is
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a correlation of 0.27, which is shown by a solid line. The correlation is statistically significant
in the longitudes of 20°E—130°W, where both precipitation and GW variance are large. A
regression coefficient of the GW variance to the precipitation was also calculated at each
longitude (Figure 2b). The regression coefficient, i.e., GW variance per precipitation, is
particularly large near the longitudes of 40°E and again at 130°E where the African and
Australian continents are respectively located. This fact suggests that convection over the
continents generates more GWs with long vertical wavelengths which are easily detected by

AIRS than that over the ocean.

3.1 Characteristics of the GW variance synchronized with the MJO

To quantify the variation of the GW variance in relation to the MJO, we use the
RMM index [Wheeler and Hendon, 2004]. This index is defined by using the first and second
principal components (RMM1 and RMM?2) from the empirical orthogonal function (EOF)
analysis of a combined field of daily outgoing long wave radiation (OLR) and zonal winds
at 200 hPa and 850 hPa. The RMM index is classified into eight phases in which specific
spatial patterns such as the location of the convective region is described. A low OLR region
as an index of strong convection is located over Africa and the South Pacific in Phase 1, over
the South Indian Ocean in Phases 2 to 4, over the Maritime Continent region in Phases 4 to
5, and over the western to central parts of the South Pacific in Phases 5 to 8 [Wheeler and
Hendon, 2004].

Figures 3a and 3b respectively show the time series of the magnitude and phase of
the RMM vector which is composed of RMM1 and RMM2. It is clear that the MJO migrates
with two or three cycles in four months from December through March in most years. The

eastward migrations of high precipitation and high GW variance regions (Figures 1a and 1b)
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correspond well with the progression of the RMM index.

Next, composite maps of the precipitation, GW variance around 3 hPa, and zonal
winds at 100 hPa and 200 hPa were made as a function of the MJO phase. For the composite,
only time periods with the RMM vector magnitudes greater than 1 were used. The number
of days used for the composite and the number of all days are respectively shown by red and
black curves as a function of the MJO phase in Figure 3c. More than 50 cases are used for
the composite for respective RMM phases.

Figure 4 shows the composite maps of anomalies of the precipitation, GW variance,
and zonal winds at 100 hPa from the mean for each of the eight RMM phases. Only regions
with a confidence level greater than 90% are shown. The spatial distribution of precipitation
is similar to that of the GW variance in all MJO phases. The high precipitation region and
the high GW variance region similarly migrate eastward following the RMM phase
progressions. These spatial distributions and time evolution are similar to that of the OLR
shown by Wheeler and Hendon [2004]. Thus, it is likely that the GWs in the subtropical
stratosphere are likely generated by convection varying with the MJO on intraseasonal time
scales.

In Figure 4c, it is seen that zonal wind anomalies at 100 hPa are significantly
westward in the regions with high precipitation and high GW variances in all RMM phases.
Kiladis et al. [2005] showed that the zonal winds associated with the MJO are slightly tilted
eastward with height in the upper troposphere. We also examined zonal wind at 200 hPa and
found that the location of the westward wind anomalies at 100 hPa is similar to that at 200
hPa with a slight difference (not shown) as is consistent with Kiladis et al. Thus, the large
westward wind at 100 hPa where the GW variance is large is a feature of the tropospheric

circulation associated with the MJO.
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3.2 Regulation of GWs penetrating into the stratosphere by the zonal wind around the
tropopause

As already mentioned, there is regional correspondence between the GW variance
around 3 hPa and the strong westward wind at 100 hPa. This feature is particularly evident
in the longitude region of 60°E—120°W. In order to examine this point in more detail, we
made the following analysis. First, zonal winds at 100 hPa, GW variance at 3 hPa, and
precipitation are averaged over the region of 0°-20°S and for every 10 days at each longitude
in a range of 60°E—120°W. Next, the zonal winds are binned and averaged according to GW
variance at 3 hPa versus precipitation (Figure 5). Mean zonal winds are only shown in bins
containing more than five data points. It is seen that the westward wind tends to be stronger
for larger GW variance at all precipitation values. Regression coefficients of the mean zonal
wind onto the GW variance were calculated for each precipitation bin of 2.5 mm day . The
increment of the GW variance per unit mean zonal wind at 100 hPa was in the range of
—0.034 to —0.064 K?>m™'s. This relation indicates that stronger westward wind around the
tropopause is more preferable for generation and/or propagation of the GWs into the
stratosphere. Moreover, if such a relation is due to critical level filtering, this result would
suggest that many GWs generated by convection in association with the MJO have small or
westward phase speeds in the range of -16 to +8 m s/, the range of zonal winds observed at
100hPa.

The precipitation, GW variance around 3 hPa, and mean zonal wind at 100 hPa have
strong longitudinal dependence as shown in Figures 1 and 2. Thus, the relation observed in
Figure 5 might be simply reflecting such longitudinal dependence. However, this is not the

case. We performed a similar analysis on the anomalies of these quantities from their

DRAFT November 6, 2015 DRAFT



TSUCHIYA ET AL.: MJO-MODULATED GRAVITY WAVES X-11

seasonal mean at each longitude, and a similar relation between the mean zonal wind and
the GW variance as that shown in Figure 3 was obtained (not shown).

The results shown above suggest that there are two ways for the MJO to modulate
the GW variance in the stratosphere. One is through GW generation from strong convection
associated with the MJO. The other is through GW propagation in the zonal wind structure

that is characteristic of the MJO.

4. Summary and concluding remarks

The intraseasonal variability of the GW variance around 3 hPa in the subtropical
stratosphere was examined using high-resolution temperature data from AIRS for eight
austral summers from December 2003 through March 2011. It was shown that the GW
variance varies at periods of tens of days. The GW variance was enhanced in the region
where high precipitation and relatively strong westward tropopause winds were present.
Regions with large GW variance and precipitation both migrate eastward in association with
the MJO.

This relation was more clearly and quantitatively shown by a composite analysis of
the GW variance around 3 hPa, precipitation, and zonal wind at 100 hPa as a function of the
MIJO phases based on the RMM index. It was shown that the migration of the large GW
variance region was closely related to the MJO’s characteristic precipitation and upper
tropospheric zonal winds. The results suggest that characteristic strong convection
associated with the MJO is important as a source of GWs observed in the tropical
stratosphere, and that the characteristic upper tropospheric westward winds associated with
the MJO also regulates GWs penetrating into the middle atmosphere likely through critical
level filtering.

It is noted that the upper tropospheric wind speed also controls generation of waves
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by an obstacle effect near the top of the convection. Evan et al. [2012] found evidence for
the envelope of MJO convection as the source for a large-scale inertia-gravity wave event
observed over the Maritime Continent. They further identified the upper tropospheric
westward shear as important for generating this wave event. Although the horizontal
wavelengths of gravity waves examined in their study were about 5000 km, which are much
larger than those detected by AIRS observation, a similar obstacle-effect type of source
generation of small horizontal-scale gravity waves may be important. Our results showing
that tropopause winds are an important predictor of stratospheric gravity wave variance is
also consistent with such GW generation by an obstacle effect, along with the critical wave
filtering.

For further quantitative discussion, it is important to examine the generation and
propagation of GWs related to the MJO with model experiments. Horinouchi [2008]
examined modulation of GW excitation and propagation using a regional model and
compared results for active and inactive phases of the MJO. His results indicated that upward
GW propagation was significantly enhanced during the MJO inactive phase, especially for
GWs with phase speeds greater than 20 m s~ !. In contrast, our observational study showed
evidence of stronger GW activity in the stratosphere coupled with the MJO. An idealized
model simulation may be useful to clarify this point.

In addition, it should be indicated that a comparison of GW characteristics measured
by satellites with different observational filters is useful. AIRS, which is a nadir-viewing
instrument, can observe a wide range of GW horizontal wavelengths but is sensitive only to
GWs with long vertical wavelengths. On the other hand, limb-viewing or GPS radio
occultation satellite instruments can observe a wide range of GW vertical wavelengths but

are primarily sensitive only to GWs with long horizontal wavelengths. Combinations of
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different types of satellite observations allows us to examine the wide range of GW
horizontal and vertical wavenumbers. Combining analysis from both types of measurements
to examine relationships with the MJO would be interesting, but we leave this for future
studies.

Another important implication of the results obtained by the present study is that
the mesospheric circulation may have an intraseasonal variation because GWs modulated by
the MJO can propagate deep into the middle atmosphere and deposit their momentum. It
may also be important that these GWs exhibit significant longitudinal variations (e.g.
Eckermann et al., [1997]). It would be interesting to elucidate how the three-dimensional
structure of the mesospheric circulation may be modified on intraseasonal time scales using
recently derived theoretical formula by Kinoshita and Sato (2013a and 2013b). However,

this issue is also left for future studies.
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Figure captions
Figure 1. Time and longitude cross sections of (a) precipitation, (b) GW variance
around 3 hPa (colors), and the zonal wind at 100 hPa as contours averaged over the
latitudes from 0°S to 20°S and binned with an interval of 10° longitude and 10 days in
the months from December to March of each year, where the +/-5 m s! contours are
red/blue.
Figure 2. (a) Correlation coefficients of the time series of precipitation and GW
variance as functions of longitude. A correlation coefficient of 0.27 (significance level
of 99%) is shown as a thin vertical line. (b) Regression of the GW variance to
precipitation.
Figure 3. (a) Time series of the magnitude of the RMM vector, which is composed of
RMMI1 and RMM?2 of the RMM index (RMM vector,
http://cawcr.gov.au/staff/mwheeler/maproom/RMM/). RMM vector magnitudes
greater than 1 are plotted as red curves. (b) Time series of the phase of the RMM vector.
The red color shows the region with RMM vector magnitude greater than 1. (c) (Black
curve) Number of days used for the composite in Figure 5 in the respective phases of
the RMM index. (Red curve) The same as the black curve but only for days with an
RMM vector magnitudes greater than 1.
Figure 4. Composite maps of the anomalies of (a) precipitation, (b) GW variance, and
(c) zonal winds at 100 hPa for the respective phases of the RMM index. Only the
regions with a significance level greater than 90% are shown.
Figure 5. A scatter plot of the precipitation versus the GW variance around 3 hPa. Only
bins in which the number of data is greater than five are colored. Colors show the mean

zonal wind at 100 hPa at the respective bins in this diagram.
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Figures
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Figure 1. Time and longitude cross sections of (a) precipitation, (b) GW variance
around 3 hPa (colors), and the zonal wind at 100 hPa as contours averaged over the
latitudes from 0°S to 20°S and binned with an interval of 10° longitude and 10 days in
the months from December to March of each year, where the +/-5 m s™! contours are

red/blue.
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Figure 2. (a) Correlation coefficients of the time series of precipitation and GW
variance as functions of longitude. A correlation coefficient of 0.27 (significance level
of 99%) is shown as a thin vertical line. (b) Regression of the GW variance to

precipitation.
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(a) Magnitude of RMM vector
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Figure 3. (a) Time series of the magnitude of the RMM vector, which is composed of

RMMI1 and RMM2 of

http://cawcr.gov.au/staff/mwheeler/maproom/RMM/).

the

RMM

index (RMM vector,

RMM vector magnitudes

greater than 1 are plotted as red curves. (b) Time series of the phase of the RMM vector.

The red color shows the region with RMM vector magnitude greater than 1. (c) (Black

curve) Number of days used for the composite in Figure 5 in the respective phases of

the RMM index. (Red curve) The same as the black curve but only for days with an

RMM vector magnitudes greater than 1.
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Figure 4. Composite maps of the anomalies of (a) precipitation, (b) GW variance, and
(c) zonal winds at 100 hPa for the respective phases of the RMM index. Only the

regions with a significance level greater than 90% are shown.
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Figure 5. A scatter plot of the precipitation versus the GW variance around 3 hPa. Only
bins in which the number of data is greater than five are colored. Colors show the mean

zonal wind at 100 hPa at the respective bins in this diagram.
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