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Abstract Previous work has shown eastward migrating regions of enhanced temperature variance

due to long-vertical wavelength stratospheric gravity waves that are in sync with intraseasonal precipitation
and tropopause wind anomalies associated with the Madden-Julian Oscillation (MJO). Here the origin of
these intraseasonal gravity wave variations is investigated with a set of idealized gravity wave-resolving
model experiments. The experiments specifically test whether tropopause winds act to control gravity
wave propagation into the stratosphere by a critical level filtering mechanism or play a role in gravity wave
generation through an obstacle source effect. All experiments use identical convective latent heating
variability, but the large-scale horizontal wind profile is varied to investigate relationships between
stratospheric gravity waves and zonal winds at different levels. Results show that the observed long vertical
wavelength gravity waves are primarily sensitive to stratospheric zonal wind variations, while tropopause
wind variations have only a very small effect. Thus, neither the critical level filter mechanism nor the
obstacle source play much of a role in the observed intraseasonal gravity wave variations. Instead, the
results suggest that the stratospheric waves follow the MJO precipitation sources, and tropopause

wind anomalies follow the same sources. We further find evidence of intraseasonal wave drag effects

on the stratospheric circulation in reanalyzed winds. The results suggest that waves drive intraseasonal
stratospheric zonal wind anomalies that descend in altitude with increasing MJO phases 3 through 7.
Eastward anomalies descend farther than westward, suggesting that MJO-related stratospheric waves
cause larger eastward drag forces.

1. Introduction

Gravity waves are mesoscale phenomena that straddle the resolution limits of current global models used for
long-range weather forecasting and climate prediction. Tropical gravity waves generated by convection are
known to be important drivers of the general circulation and, in particular, the quasi-biennial oscillation (QBO)
(e.g., Dunkerton, 1997; Holt et al., 2016; Scaife et al., 2000). The QBO, a reversal of the tropical lower strato-
sphere zonal mean winds on average every 28 months, is an important factor in long-range predictability of
Northern Hemisphere winter weather (Scaife et al., 2014; Thompson et al., 2002). Gravity waves generated
by tropical convection are also known to modulate the tropical tropopause cold point and the occurrence of
cirrus clouds in the tropical tropopause layer (e.g., Jensen & Pfister, 2004; Kim & Alexander, 2015) and such
thin cirrus produce more surface warming than thicker ice or water clouds (Stephens, 2005). Thus, studies of
tropical gravity waves inform important processes in both weather and climate models.

On intraseasonal time scales, gravity wave variations have been previously observed in the tropical strato-
sphere and mesosphere with ties to convection within the Madden-Julian Oscillation (MJO) (Eckermann et al.,
1997; Karoly et al., 1996; Moss et al., 2016; Rao et al., 2009; Tsuchiya et al., 2016). The MJO is a dominant mode
of intraseasonal variability in tropical convection in the Eastern Hemisphere (Jiang et al., 2015; Madden &
Julian, 1994; Waliser et al., 2009; Zhang, 2005). In particular, Tsuchiya et al. (2016) found a relationship between
intraseasonal stratospheric gravity wave temperature variance observed by the Atmospheric Infrared Sounder
(AIRS) and MJO precipitation and tropopause wind variations. They found that regional distributions of these
quantities are synchronized with the MJO: The stratospheric gravity wave variances were larger for stronger
precipitation anomalies and for stronger westward wind anomalies near the tropopause. In particular, the
origin of the intriguing relationship between tropopause (100 hPa) westward winds (U,,,) and stratospheric
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Figure 1. Two examples of daily AIRS nighttime brightness temperature coverage across the region of interest.
Perturbations are saturated at +0.5 K for better visualization of weak and strong waves. Red contours outline deep
convective clouds, identified by AIRS 8.1 pm channel temperatures <210 K.

gravity wave temperature variance (72) was proposed to have one of two causes: (1) reduction of eastward
propagating gravity wave penetration into the middle atmosphere through critical level filtering and (2) a
production of eastward propagating gravity waves through an obstacle effect source mechanism involving
deep convection interacting with upper tropospheric winds. We note a third possible cause: (3) an AIRS obser-
vational filter effect associated with stratospheric winds and their relationship to U,y,. The observed Uy,
relationship to 72 might also be due to any combination of these three factors.

In this work, we explore the mechanism behind this previously observed relationship between intraseasonal
variability in AIRS stratospheric gravity waves 72 and winds near the tropopause U, ,. We test the possible
mechanisms through idealized modeling simulations in which some of the variable conditions are selectively
held constant. We further explore possible wave drag effects of MJO-synchronized variations in gravity waves
on stratospheric winds through examination of reanalyzed winds. We examine both MERRA-2 (Modern-Era
Retrospective Analysis for Research and Applications version 2) (Bosilovich et al.,, 2015) and the original MERRA
(Rienecker et al., 2011) reanalyzed winds. The tropical gravity wave parameterization was modified consider-
ably for MERRA-2 in order to better simulate the QBO (Molod et al., 2015), so comparing these two reanalysis
data sets provides an opportunity to examine MJO-related effects of parameterized gravity waves on global
stratospheric winds. Following Tsuchiya et al. (2016), we focus on tropical latitudes between 20°S and the
equator during the December through March periods beginning December 2003 ending March 2011.

Section 2 describes the precipitation data sets, reanalyzed winds, and AIRS observations of gravity waves that
we use in this study. Section 3 describes the idealized modeling experiments. Section 4 shows results of these
experiments and describes the role of tropopause and stratosphere wind variations on AIRS gravity wave
temperature variance in the stratosphere. Section 5 examines relationships between MJO-related winds near
the tropopause and in the stratosphere. Finally, section 6 is a summary with conclusions.

2. Data Description

2.1. AIRS Gravity Wave Observations

The AIRS instrument on the Aqua satellite measures radiances across a spectrum of infrared channels.
The instrument scans across track, while the satellite motion along track provides a second dimension, creating
image swaths that follow the orbit track. Hoffmann and Alexander (2010) averaged 42 AIRS channels in the
CO, 4.3 pm emission band in order to reduce the influence of noise in the data. We use these AIRS channel-
averaged radiances converted to brightness temperature anomalies in this study. Figure 1 shows two typical
examples of daily nighttime coverage across the study region. Wave anomalies are often visible as semicircular
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Figure 2. Tropical (0°-20°S) nighttime variance (K?) for December through March from the 4.3 um AIRS channels and

the MERRA-2 zonal winds at 100 hPa (contour lines), including years 2003 to 2011. The red contour encloses zonal winds

>+5m s~! and the yellow contour <=5 ms~'.

arcs with center of curvature to the west, which are characteristics of eastward propagating stratospheric
gravity waves at altitudes ~40 km that are emanating from precipitating convection in the troposphere below
(Grimsdell et al., 2010; Stephan & Alexander, 2015). As can be seen in these two examples, the wave anomalies
are generally weak directly on the equator and stronger toward 20°S.

The channel-averaged kernel function (which describes the vertical averaging of the temperature measure-
ment) peaks near 30-40 km altitude. The vertical width of this kernel function is responsible for the fact that
waves visible in AIRS stratospheric radiances and temperature retrievals generally have vertical wavelengths
Az >15 km (Hoffmann & Alexander, 2009; Hoffmann et al., 2014). At A,=15 km, the measured brightness tem-
perature amplitude is 4% of the true temperature amplitude. Gravity wave theory tells us that 4, is roughly
proportional to the intrinsic phase speed (c=c, — U) of the wave. So there is an effect of the large-scale wind
at the observation level Uyzs on wave visibility, which is commonly called the observational filter (Alexander,
1998). Forexample, if U(z) is the wind speed in the direction of wave propagation and considering the medium-
frequency gravity wave dispersion relation for simplicity (Fritts & Alexander, 2003), then

14,(2)| = 27|, — U@)|/N(2), M

where N is the buoyancy frequency and ¢, is the ground-based phase speed of the wave. The altitude from
which AIRS wave signals emanate depends on the combined effects of the kernel function, the wave vertical
wavelength, the wave amplitude (which often grows with altitude), and measurement noise. This altitude will
be close to ~40 km. As we will show later in section 5, the 40 km winds are generally westward (Upzs< 0) in
the December-March season, so the waves visible to AIRS are generally propagating opposite to these winds
(or eastward, ¢,>0) in this season. Also, because the westward winds near 40 km altitude tend to increase in
strength between the equator and 20°S (e.g., Ray et al., 1998), this observational filter effect also explains the
larger wave amplitudes toward 20°S.

Tsuchiya et al. (2016) showed intraseasonal variations in AIRS nighttime gravity wave temperature variance
averaged over 0-20°S during the December through March seasons (2003 to 2011). The temperatures they
used were specialized high horizontal resolution temperature retrievals derived from AIRS for stratospheric
altitudes (Hoffmann & Alexander, 2009) that were averaged in height. Tsuchiya et al. (2016) chose nighttime
data from altitudes near the 4.3 pm kernel function peak where noise is minimized. Because we are using AIRS
brightness temperatures rather than retrievals, we repeat the analysis of Tsuchiya et al. (their Figure 1¢) here
in our Figure 2 using radiances instead of retrieved temperatures. We utilize here the same 10 day, 0-20°S
latitude, and 10° longitude averaging bins and choose nighttime only data. Figure 2 also overlays the same
+5 m s' U4, wind contours. The temporal and longitudinal variations in gravity wave variance are almost
identical to Tsuchiya et al. (2016), and we see the same relationship where variance tends to peak where U,
is westward. (Note that the black bar is a period with no measurements, and the following 10 day period had
only 30% of normal coverage.)
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Figure 3. Snapshots showing properties of precipitation and latent heating derived from the Gunn Point scanning radar north of Darwin, Australia. Panels show
radar-observed echo top height (gray scale, km), and column-integrated latent heating (color, K s~') at 15:00 UT (left) and 17:00 UT (right). White contours show
coastal outlines. These are based on observations obtained on 23 January 2006 (active monsoon period) (May et al., 2007).

2.2. MERRA Reanalyses

The Modern-Era Reanalysis for Research and Applications version 2 (MERRA-2) (Bosilovich et al., 2015) is uti-
lized here to define 10 day average wind and static stability conditions that influence wave propagation and
generation. Equatorial reanalyzed stratospheric winds within +10° are not well constrained by observations
(Baker et al., 2014) because wind measurements are scarce and there does not exist a predominant balance
between the mass and wind field close to the equator (Zagar et al., 2013). Thus, the more abundant tempera-
ture soundings provided by satellite do not constrain the wind close to the equator, and equatorial winds in
analyses are primarily constrained only by radiosondes in the stratosphere (below 30 km) launched at a limited
number of tropical stations. These are supplemented by cloud-tracked winds in the troposphere. Podglajen
et al. (2014) compared tropical analyzed winds at ~20 km to measurements during the Pre-Concordiasi
long-duration balloon campaign and revealed large errors, particularly in the Indian and Pacific Oceans where
radiosonde measurements are lacking. At higher latitudes, balanced winds derived from satellite tempera-
ture sounding measurements become better constrained at least up to ~40 km. In the upper stratosphere
and mesosphere, constraints are weak globally. Keeping these uncertainties in mind, section 5 will compare
winds averaged 0°-20°S to those averaged 10°-20°S where uncertainties are smaller.

Above 40 km, the influence of parameterized gravity wave drag in the underlying model in the reanalysis
system becomes increasingly important. Fortunately, for our purposes, the tropical gravity wave parameteri-
zation was changed significantly when the next generation MERRA-2 reanalysis was developed (Gelaro et al.,
2017). Molod et al. (2015) show that parameterized tropical gravity wave stress was increased by a factor of
10 equatorward of 15° in order to improve simulation of the QBO. This changed the gravity wave drag from
MERRA to MERRA-2, which provides a natural experiment we can use to examine the effects of parameter-
ized gravity wave drag on the reanalyzed tropical winds. We therefore also compare results with MERRA-2 and
MERRA reanalyses in section 5.

2.3. Precipitation Measurements
We employ a variety of precipitation measurements in this study.

Scanning radar measurements. Local scanning radar measurements are used for idealized gravity wave-
resolving model studies. We use rain rate and echo-top-height retrievals from the Gunn Point C-POL radar at
131.04°E and 12.25°S in Northern Australia (Keenan et al., 1998) on 23 January 2006. This is a period when the
MJO was active in the region (May et al., 2007). The observations will define a spatially and temporally varying
latent heating field that forces gravity waves in idealized model runs. The method for converting radar rain
rate and echo top height to three-dimensional time-varying latent heating was described in Grimsdell et al.
(2010). The latent heating field will be identical in all the idealized model experiments to focus on how wind
variations affect the stratospheric gravity waves. This latent heating source is thus a controlled variable in the
experiments. Two instantaneous maps of the column integrated latent heating and echo top heights at 15:00
and 17:00 UT are shown in Figure 3.

ALEXANDER ET AL. MJO STRATOSPHERIC GRAVITY WAVES AND WINDS 4
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Figure 4. Nighttime variance in 4.3 pm channels versus U; oo (m s™1).
Each symbol represents one 10 day and 10° longitude averaged point in
Figure 2. The red symbols are those selected to represent different wind
and gravity wave variance conditions. (See text.) Black line is a linear
least squares fit to the data.

3. Experiment Design

Tropical Rainfall Measuring Mission (TRMM) rain rates. Instantaneous rain rates
are available as Tropical Rainfall Measuring Mission (TRMM) satellite products
throughout our study period. The 3B42 product is available at 0.25°x0.25° and
3-hourly resolution at all tropical latitudes (Huffman et al., 2007). In designing
the model experiments presented in section 3, regional mean precipitation
and precipitation variance are evaluated. We use the TRMM 3B42 product for
this purpose.

Global Precipitation Climatology Project (GPCP) rain rates. Global daily mean rain
rates are available at 1°x1° resolution through the Global Precipitation Clima-
tology Project (GPCP) (Huffman et al,, 2001; Xie et al., 2011). The daily GPCP
data are a well-calibrated data source for defining long-term precipitation
variability. Tsuchiya et al. (2016) used these data to define relationships between
intraseasonal precipitation variability, 100 hPa winds, and stratospheric grav-
ity wave activity. We use these data to define longitudinal variations in the
climatology of intraseasonal precipitation in section 5.

2.4. MJO Index

The real-time multivariate MJO (RMM) index (Wheeler & Hendon, 2004) is used
to identify MJO strength and phase as a function of time. The data source is
the National Centers for Environmental Prediction operational data (Wheeler &
Hendon, 2016). The index is based on patterns observed in outgoing longwave
radiation and zonal wind at 850 hPa and 200 hPa. The RMM index magnitude
and phase time series for the period of interest were shown in Tsuchiya et al.
(2016). Following that earlier work, RMM > 1 is used to indicate significant MJO
activity and identify days included in MJO composite averages.

Figure 4 shows a scatterplot of intraseasonal gravity wave variances and zonal winds at 100 hPa (U, ). Each
symbol represents a point on the time versus longitude plot in Figure 2. As explained earlier, these are averages
between 0° and 20°S latitude during the December through March season. While linear correlation is not
strictly valid due to the non-Gaussian distribution of the points, it is clear that the highest variances occur
more frequently in conditions with westward U, o, the same relationship identified by Tsuchiya et al. (2016).

The two red pluses highlight two points that show strong differences in both U, and gravity waves. Table 1
describes the regional winds, waves, and precipitation observed during these two 10 day periods. The mean
Uy 00 is strong westward in one case (—20.8 m s~') and eastward in the other case (+9.1 m s™'). Gravity wave
brightness temperature variances differ by 365%. Despite these large differences in U,,, and gravity waves,
both cases include significant precipitation and precipitation variability (Table 1), an indication of convective
gravity wave sources. In the strong gravity wave case, mean precipitation rates were 32% larger, and precip-
itation variance was larger by 26%. Although these are not negligible differences, they are relatively minor
compared to the 365% difference in the gravity wave brightness temperature variance. We devise a set of ide-
alized gravity wave model experiments that eliminate these relatively small precipitation differences entirely
in order to examine the role of horizontal wind profile changes in isolation from other variables. In particular,
we focus on U, (at ~16 km) and zonal winds at 40 km (Uygs) in order to better understand what causes the
large gravity wave changes observed by AIRS.

Table 1

Rain and Wind Conditions for Two Regions/Periods Identified With Red Pluses in Figure 4

Date range Longitudes Us00 GW variance Mean rain? Rain variance?
21-30 Dec 2003 130-140°E -20.8ms~! 7.3 %1072 K2 0.46 mm h~! 2.2 (mmh=T)2
11-20 Dec 2007 170-180°E +9.14ms™! 2.0x1072 K2 033mmh~! 1.7 (mm h=1)?
aAs defined by the TRMM 3B42 data product.
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Average H, in domain

3.1. Idealized WRF Model
To isolate the effects of different wind profiles on gravity wave variance, we

4 utilize idealized Weather Research and Forecasting (WRF) model simulations
3F E that are forced with prescribed latent heating Q(x, y, z, t) in the troposphere,
= which acts as a controlled source of gravity waves. This idealized WRF model
N4 2 E E (Stephan & Alexander, 2015) provides a way to control the gravity wave
- 1 7 7 sources in order to isolate the effect of the horizontal wind on gravity waves.
E 3 Briefly, it is a dry idealized version of WRF with cumulus, microphysics,
0f ‘ ‘ ‘ ‘ E radiation, surface, and boundary layer schemes turned off. The model is ini-
0 5 10 15 20 25 tialized with uniform profiles of horizontal wind and potential temperature
UT [hrs] and no topography.
Max Z,,, in domain Our simulations are forced with latent heating Q(x, y, z, t) that is based on the
20¢ ‘ ‘ ‘ ] varying precipitation rates R and echo top heights Z,,, from Gunn Point radar
r ] observations in North Australia (see Figure 3). At each pointin space and time,
= 15 7 7 heating profiles have an assumed half-sine profile shape following Grimsdell
é 10k ] etal. (2010):
N 3 ] T, zz
5 - ] Q) 3 H_sin (Ztop > , (2)
of ‘ ‘ ‘ ‘ ]
0 5 10 15 20 25 and Q = 0 at the surface (z = 0) and z > Z,,,. The column heating H_ is
UT [hrs]
RpL,
Figure 5. Domain-averaged column heating (H,, K h~") and domain H =38 cM 3)

maximum echo top height (Z,,,, km) as functions of time at 10 min
resolution. The model is initialized at 15:00 UT in each experiment.

p

Here p is the density of water, L_ is the latent heat of condensation, C,is the
heat capacity of air, and M is the column-integrated density of the air below
Z,o, Weighted by the half-sine profile shape. The factor 3.8 is empirical as derived in Grimsdell et al. (2010), but
it loosely represents the effects of horizontal transport of condensate, evaporative cooling, and ice formation
(Stephan & Alexander, 2015) that are missing in this simple relationship. We do not use the profile in Stephan
and Alexander (2015) because that profile was developed for summertime midlatitude convection over the
Continental United States, whereas our case is tropical.

The model’s horizontal domain is on a 600 km x 600 km Cartesian grid with 2 km resolution. Q(x,y, z,t) is
defined on the 2 km, 10 min resolution of the radar data but is interpolated in time to the 2 min time step
utilized in the model. The heating is only nonzero within a 250 km radius area, which is centered within the
model domain. Vertical resolution is a constant 500 m between the surface and the model top at 55 km. The
top 5 km layer of the domain is a sponge. (See Stephan & Stephan, 2015, for additional details.)

All experiments will utilize the same Q(x, y, z, t) to force waves in the idealized model. Only the wind profiles
vary among experiments. R and Z,,, variations on 23 January 2006 are illustrated in Figure 5 by showing the
time series of the areal-averaged column heating rate and the domain maximum echo top height. All simula-
tions are initialized with domain average profiles of horizontal wind and potential temperature, and heating
rate conditions start with those at 15:00 UT and run for 6 h. Results are shown between 17:00 and 21:00 UT,
and we also show 17:00-20:00 UT time means of wave variance when the convection is strongest (Figure 5).

4. Model Experiments and Results

Five experiments are performed to better understand the effects of the horizontal winds on modeled gravity
wave variance. Each case is coded with a different color in Figures 6-8. The convective gravity wave forcing in
the troposphere is artificially specified to be the same in all experiments in order to isolate the effects of the
background wind.

Cases 1 and 2 have background conditions of the two selected 10 day regional average points in Figure 4
(see Table 1). In Figure 6, Case 1 (red) uses the horizontal wind profiles of the strong gravity wave case. Case 2
(gold) is the weak gravity wave case. Note the different scales for the zonal (U) and meridional (V) winds. The U
differences in the upper troposphere are large, nearly 30 m s~' at 16 km (100 hPa), and also large differences
occur in the upper stratosphere. The V and temperature differences are relatively minor, with differences in
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Figure 6. MERRA U, V, and T profiles for the two selected cases: Case 1 (red) and Case 2 (golden). These profiles were
used as input to the model experiments.

static stability N<5% and proportionate small effects on 4, through (1). Possible effects of these V or N differ-
ences on gravity wave visibility are anticipated to be <20%, whereas we are looking to explain a factor of ~3
in gravity wave variance. We therefore concentrate on the effects of the differences in U.

Cases 3 and 4 (Figure 7) differ only in the tropospheric wind. Case 3 (green) matches Case 1 winds up to 22 km,
but in the stratosphere above 22 km winds are modified to be the average of Cases 1 and 2. Case 4 (blue
dashed) matches Case 2 winds up to 22 km, but like Case 3, it is an average of Cases 1 and 2 in the stratosphere.
We chose 22 km to distinguish troposphere from stratosphere winds because this altitude is well above any
wave source effects that can occur as high as the tropopause while still well below the AIRS observation
altitudes. Case 1 and Case 2 winds are very similar at 22 km, so this choice also avoids any artificially large shears
in the modified wind profiles.

Stratospheric gravity wave variances for these four cases are summarized in Figure 8. Variances here are
computed from modeled temperatures converted to brightness temperature using the AIRS kernel. Variance
about the mean brightness temperature is computed at 3 min intervals. Note that these variances are much
larger than those in Figure 4 because we average here only during a short active period and over a smaller area,
while Figure 4 included both quiet and active times during a 10 day period and 10° x 20° area. The curves in
Figure 8 show pulses in variance associated with changes in the wave forcing (Q), and these pulses then arrive
at slightly different times in the stratosphere depending on the wave packet group velocities, which depend
on the winds. Case 1 (red) has by far the largest gravity wave variance. The color-coded numbers show the

Vv
50 ¢ 50 3
40 40 E
€ €
=, =,
o 30¢ o 30f < ]
© ©
= 2
ﬁ 20F = 20¢ E
10F 10F 1
0 1 1 O 1 'L“ 1 1 1 1
-80 60 -40 -20 0 20 -4 2 0 2 4 6 8 10
U [m/s] V [m/s]

Figure 7. Input U and V profiles for the stratosphere-modified cases: Case 3 (green) and Case 4 (blue dashed). These
profiles were modified so that U and V are identical above 22 km.
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Domain average brightness temp variance average of hours 17:00-20:00 UT when the gravity wave forcing in the model
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these 3 h, and the peak value is 350% larger, comparable to the 365% differ-

ence in Table 1. These differences between Case 1 and Case 2 demonstrate
that sources for these two regions/periods are not a major factor in explain-
ing the differences in variance because the sources Q(x, y, z, t) were the same
in both experiments, and zonal wind differences must be responsible.

Figure 8 gravity wave variances for Cases 3 are 4 are relatively very similar to
one another, and they fall in between the two extremes of Cases 1 and 2. Cases
3 and 4 differ only in tropospheric wind, and the effect is only ~10% in the
3 h mean. Variances among Cases 1-4 roughly scale with the strength of the
stratospheric wind. From this result, it appears that the tropopause wind has
only a secondary effect on the gravity wave variance in the stratosphere.

T RS TR R AT TR T T

To further test this effect of troposphere versus stratosphere wind, we com-
pleted a fifth experiment Case 5, which uses Case 2 winds (gold) in the tropo-
sphere up to 22 km and Case 1 winds (red) in the stratosphere above 22 km.
Case 5 gravity wave variance is plotted as the purple curve in Figure 8. It does

| not quite achieve the highest wave activity of Case 1, but Case 5 and Case 1

~ "“‘/‘\(““‘““\“““‘“\‘“‘““‘\““““‘\““““'

—_

1‘9 20 are quite similar in the 3 h mean variance, again differing by only ~10%. This

N
-

Time [UT, hours] confirms that the stratospheric winds have the largest effect on the gravity

wave brightness temperature variances, while U, ,, tropopause winds have a

Figure 8. Modeled domain-averaged gravity wave variance (K?) as a secondary, much smaller effect.

function of time for each of the five experiments: Case 1 (red), Case 2
(gold), Case 3 (green), Case 4 (blue), and Case 5 (purple). Variances To understand these results, we must consider the vertical kernel function

averaged over hours 17:00-20:00 UT are printed in the legend. associated with the AIRS measurements. For both brightness temperatures

and retrieved temperatures, gravity waves with vertical wavelengths less than
15 km are severely attenuated in AIRS data.

Figure 9 shows theoretical vertical wavelengths versus altitude above the tropopause for four waves with
different ground based zonal phase speeds ¢, =0, 10, 20, and 30 m s~" using the theoretical dispersion rela-
tion (1). Gray shading masks vertical wavelengths that are not generally visible in the AIRS measurements
(A4; <15 km). The dotted line marks the altitude where the AIRS measurements are most sensitive (~40 km).
¢o,=0—10m " covers the range of MJO propagation speeds, so we might expect waves generated by east-
ward moving deep convection interacting with shear near the tropopause (the so-called “obstacle effect,”
Pfister et al., 1993) to have phase speeds in this range (Alexander et al., 2006). Spectra of waves generated by
a deep convective heating mechanism often peak at somewhat faster speeds, near ¢,=20 m s~' (Beres et al.,
2004), and even faster waves are also generated although with weaker amplitudes.

The two panels show 1,(z) for Case 1 (left) and Case 2 (right) zonal winds. Waves with ¢, =0 m s~! have short
A, throughout the stratosphere. For Case 2, these waves have a critical level near 18 km, which prevents them
from propagating further into the stratosphere. Slow waves are the waves most likely to be affected by wind
filtering, but they are not visible in AIRS data (4, < 15 km). Waves with ¢, =10 m s~ are similarly too short to be
visible to AIRS. Other detection methods such as radiosonde or radio occultation profiling (Karoly et al., 1996;
Moss et al., 2016) would detect these shorter 1, waves, and hence, tropopause wind filtering may more likely
modulate gravity wave variance, but not in AIRS data. Higher phase speeds ¢, =20 m s~ become visible to
AIRS, and the differences between the two cases help to explain why the simulated AIRS variance is stronger
in Case 1 than Case 2. This wind effect may also explain why the perturbations shown in Figure 1 and Table 1
were so much stronger in late December 2003 than in mid-December 2007. Faster waves (¢, >30 m s~') would
be visible in both cases.

The variances in Figure 8 were brightness temperature variances, simulated by application of the AIRS ver-
tical kernel function. Throughout the December through March period of interest, the stratospheric winds
are, in fact, westward, and these westward winds give eastward propagating waves much longer vertical
wavelengths than westward propagating waves. Thus, only eastward waves survive the observational filter.

The so-called obstacle effect mechanism for gravity wave generation (Pfister et al., 1993) does not appear
to be important for the gravity waves observed by AIRS in our cases. If it were important, the strong upper
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Figure 9. Theoretical vertical wavelengths (1) for gravity waves color coded by their ground based phase speed
(Cpinm sy assuming Case 1 (left) and Case 2 (right) zonal winds. The gray shaded region masks vertical wavelengths
that are rarely visible in AIRS observations, and the horizontal dashed line marks 40 km where the 4.3 pm AIRS
measurements are most sensitive.

tropospheric westward wind of Case 1 would include an important source of eastward propagating waves
that would be absent in Case 5. While this source mechanism may still be active for waves generated by
MJO-related convection (Evan et al., 2012), these waves do not apparently contribute much to AIRS variance,
probably because they would have slow ¢, and they would not have sufficiently long vertical wavelengths
in the stratosphere to survive the AIRS observational filter. We note that other observation techniques such
as radio occultation (Moss et al., 2016) or radiosonde (Karoly et al., 1996) profiling would in contrast be much
more likely to detect waves with slower c,. So our conclusions about the source mechanism are not general
but specific to gravity waves with faster ¢, (>20 m s7'), such as those observed by AIRS.

In summary, the stratospheric wind speed has dominant control over the AIRS gravity wave variance, with
changes up to 350% seen in the cases studied here (240% in the 3 h mean). Conversely, tropopause winds have
only a minor secondary effect, with an effect of only ~10% in the gravity wave variance. Important questions
remain: Why does the tropopause wind show a strong correlation with AIRS variance in the observations?
Are the tropopause winds and stratospheric winds correlated as well? We investigate these question in the
next section.

5. MJO-Related Wind Variability

Meridionally averaged (0°-20°S) zonal winds from MERRA as a function of longitude and altitude are shown
in Figure 10a. Each panel in the column represents the composite average wind for all days when the RMM
index exceeded a value of 1 for a given phase of the MJO. As before, only data from December to March
periods within December 2003 through March 2011 are included in order to match the analysis in Tsuchiya
et al. (2016). Eight panels progress from phase 1 (top) to phase 8 (bottom).

Figure 10a shows that stratospheric winds in these phase composites are uniformly westward with rather
small longitudinal variations. The December-March period is a time when the stratospheric semiannual
oscillation (SAO) is westward (Garcia et al., 1997; Ray et al, 1998), and the SAO is clearly dominating the
stratospheric wind in these composites. Since the focus here is on the intraseasonal variability, we compute
a matching set of longitude-height wind composites (Figure 10b) made from climatological monthly means
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Figure 10. Two columns each showing 0-20°S zonal winds (m s~') as a function of longitude and height (km) for
the eight MJO phases (top to bottom). (a) MERRA-2 zonal wind composites for each MJO phase considering only days
where the RMM index is >1. (b) MERRA-2 wind 2003-2011 climatology, where each panel (top to bottom) shows
monthly mean zonal wind weighted by the frequency of occurrence of that month in each MJO phase but otherwise
not considering the RMM index. Figures 10a and 10b look similar, due to the climatological phase of the stratospheric
seminannual oscillation (SAQ) in the December through March period.

and weighted by the monthly occurrences of each MJO phase but otherwise without reference to the RMM
index. For example, for the phase 1 MJO composite in Figure 10a: 12% of the points were from December,
29% from January, 18% from February, and 41% from March. Figure 10b uses these fractions and the clima-
tological monthly mean winds. Figures 10a and 10b look very similar, but the differences, shown in Figure 11,
reveal wind anomalies specifically associated with the MJO. The climatological SAO seasonal variation has
been removed. Intraseasonal GPCP precipitation is composited the same way, and the differences between
days with RMM>1 and the climatology, averaged between 20°S and 10°N, are marked with the black bars in
Figure 11 wherever they exceed 1 mm h~",

In Figure 11 we can trace the eastward motion of MJO precipitation through phases 2-7. In the troposphere,
we can also see lower troposphere westerly wind anomalies topped by upper troposphere easterly anomalies
that roughly follow the eastward motion of the intraseasonal precipitation anomalies. There is some indication
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Figure 11. MERRA-2 intraseasonal 0-20°S zonal wind anomalies (m s

10.

as a function of longitude and height (km) for the eight MJO phases

(top to bottom). These are the differences between Figures 10a and 10b,

which isolates the MJO signal. Bars at the bottom of each panel show

where intraseasonal rain rate anomalies exceed 1 mm h~'.

from these panels that the MJO precipitation occurs more often in regions
where upper troposphere winds are easterly, but this is clearer in the latitu-
dinally resolved maps shown in Tsuchiya et al. (2016) (see supporting infor-
mation Figure S1). Our results suggest that this relationship between MJO
precipitation and upper tropospheric easterly wind anomalies is the likely rea-
son for the correlation of stratospheric gravity waves and U, o, that was found
in Tsuchiya et al. (2016).

What Figure 11 also shows is the MJO-related wind anomalies in the strato-
sphere. In particular, there is evidence of descent of wind anomalies with MJO
phase, analogous to the descent of the QBO wind anomalies, but here on
intraseasonal time scales. Because these anomalies do not show much lon-
gitudinal variation, we zonally average Figure 11 and the result is Figure 12a.
Here we can more clearly see the descent of the wind anomalies with MJO
phase. Eastward wind anomalies are plotted with solid lines and show clear
descent through the stratosphere from phases 3 to 6. Westward wind anoma-
lies are plotted with dashed lines, which show clear descent from phases 5 to
6 and also phase 7, although a bit less clearly.

Analyzed stratospheric winds are poorly constrained close to the equator
because wind measurements are scarce and the more abundant temperature
sounding measurements do not constrain the wind where the Coriolis param-
eter becomes too small. (See section 2.2.) Figure 12b therefore repeats this
analysis butincludes only off-equatorial latitudes 10°-20°S, where the strato-
spheric wind is better constrained. The same pattern still appears although
with slightly weaker amplitude.

We further contrast the winds in MERRA-2 (Figure 12b) with MERRA
(Figure 12c¢). These look almost identical below 40 km where the reanalyses
are well constrained by temperature sounding measurements. Above 40 km
the reanalyses are poorly constrained by observations and will instead be
more dependent on parameterized gravity wave drag. Differences appear
at these higher altitudes that are likely because of the increase in MERRA-2
parameterized gravity wave stress equatorward of 15° (Molod et al., 2015).
(See section 2.2.)

Given the big change in the parameterized gravity waves from MERRA to
MERRA-2, we note that the strong similarities in Figures 12b and 12c below
40 km provide a confirmation that these anomalies are a real feature related
to observational assimilation in the reanalyses and not simply created by the
parameterized gravity wave drag, which is known to be highly uncertain.
Thus, we expect similar wind anomalies below 40 km may be found in other
reanalyses.

The waves observed by AIRS near 40 km are not contributing to drag below
40 km, but they will likely give drag above the observation level in the meso-
sphere or lower thermosphere (Eckermann et al., 1997). Wintertime intrasea-
sonal winds near the mesopause have indeed been observed to exhibit
stronger anomalies in the Eastern Hemisphere where the MJO is active than in
the Western Hemisphere (Rao et al., 2009), so the intraseasonal gravity wave
variations observed by AIRS may be driving such intraseasonal wind variations
near the mesopause.

It is likely that the waves driving the stratospheric intraseasonal descending wind zones in Figure 12 are
instead slower waves with shorter vertical wavelengths, like those observed in the Karoly et al. (1996) and
Moss et al. (2016) studies. The lack of any obvious longitudinal variation of these winds suggests that the wave
drag below 40 km may be caused by long horizontal wavelength gravity waves such as observed in Evan and
Alexander (2008). That study revealed a large-amplitude, equatorially trapped wave with 2 day period and
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Figure 12. MJO-related zonal mean zonal winds at different MJO phases. (a) MERRA-2 zonal means of Figure 11.

(b) MERRA-2 comparison including only latitudes 10°-20°S. (c) MERRA comparison including only latitudes 10°-20°S.
Colors/numbers mark the phase of the MJO. Eastward winds are plotted with solid lines and westward winds with
dashed lines. Figures 12b and 12c differ only above 40 km altitude in the lower mesosphere where there are little data
constraining the reanalysis and where the changes in the parameterized gravity wave drag had their primary effect.

horizontal wavelength ~7,000 km (wave number ~ 6) with an apparent source region near the center of an
MJO rain event (Evan et al,, 2012).

Finally, we note that the eastward MJO wind anomalies descend to lower altitudes than the westward
anomalies. This may indicate stronger amplitudes in MJO-related eastward waves in the lowermost strato-
sphere, which would be consistent with tropical western Pacific radiosondes (Gong et al., 2008), model studies
(Alexander et al,, 2017), and a case study of a large-amplitude inertia-gravity wave event tied to MJO convec-
tion (Evan et al., 2012). High-wave number Kelvin waves generated by MJO convection could also contribute.
Further work would be needed to address the nature of the waves responsible for the stratospheric wind
anomalies and any relationships to the phase of the QBO as suggested by the results in Moss et al. (2016).

6. Summary and Conclusions

MJO-related stratospheric gravity wave variance as observed by AIRS is anticorrelated with tropopause zonal
wind U, 4o, and we investigate the origin of this anticorrelation. Idealized model simulations that use the
same convective gravity wave sources but vary the winds show that AIRS gravity wave variance is primarily
sensitive to changes in stratospheric zonal wind (Figure 8) due to their effects on gravity wave vertical wave-
length (Figure 9). This is the observational filter effect. Tropopause wind has only a relatively small effect
(~10%). Thus, neither tropopause wind filtering nor source effects are very important for waves observed by
AIRS. Because MJO precipitation anomalies are associated with westward wind anomalies in the upper tropo-
sphere (Figures 11 and S1), the results suggest that this U, relationship to precipitation is the origin of the
anticorrelation between U, 4, and AIRS gravity wave variance.

Further evidence in reanalyzed winds shows that the gravity waves drive intraseasonal stratospheric zonal
wind anomalies that descend in altitude with increasing MJO phases 3 through 7 (Figure 12). Descent is
observed in both eastward and westward intraseasonal wind anomalies, but the eastward anomalies are
stronger and descend to lower altitudes. This implies that both eastward and westward propagating gravity
waves are generated by MJO-related precipitation. Because the eastward wind anomalies descend farther
than the westward wind anomalies, we hypothesize that eastward propagating waves are generated with
larger amplitudes to give larger drag forces than westward waves. Large-amplitude eastward propagating
waves might be expected if there is a significant obstacle effect or “moving mountain” mechanism that gen-
erates MJO-related convective gravity waves. These waves would have slow phase speeds c, associated with
the motions of individual rain cells within the MJO precipitation envelope, or ¢, ~5 m s~! associated with the
speed of the MJO envelope itself. Our results show that while slow waves with c< 10 m s~ do not contribute
much to AIRS observations of gravity wave variance in December-March, they may contribute to gravity wave
variance observed with radio occultation or radiosonde methods (Evan et al., 2012; Karoly et al., 1996; Moss
et al, 2016), and they are likely to be important to driving the MJO wind anomalies below 40 km seen in the
MERRA and MERRA-2 reanalyses (Figure 12).
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