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Abstract One of the most important dynamical processes in the tropical stratosphere is the

quasi-biennial oscillation (QBO) of the zonal wind. Still, the QBO is not well represented in weather and

climate models. To improve the representation of the QBO in the models, a better understanding of the

driving of the QBO by atmospheric waves is required. In particular, the contribution of gravity waves is

highly uncertain because of the small horizontal scales involved, and there is still no direct estimation based

on global observations. We derive gravity wave momentum fluxes from temperature observations of the

satellite instruments HIRDLS and SABER. Momentum flux spectra observed show that particularly gravity

waves with intrinsic phase speeds <30m/s (vertical wavelengths <10 km) interact with the QBO. Gravity

wave drag is estimated from vertical gradients of observed momentum fluxes and compared to the missing

drag in the tropical momentum budget of ERA-Interim. We find reasonably good agreement between their

variations with time and in their approximate magnitudes. Absolute values of observed and ERA-Interim

missing drag are about equal during QBO eastward wind shear. During westward wind shear, however,

observations are about 2 times lower than ERA-Interim missing drag. This could hint at uncertainties

in the advection terms in ERA-Interim. The strong intermittency of gravity waves we find in the tropics

might play an important role for the formation of the QBO and may have important implications for the

parameterization of gravity waves in global models.

1. Introduction

The quasi-biennial oscillation (QBO) is an oscillation of the zonal wind in the tropical stratosphere with an

average period of about 28months. QBO westward winds can be as strong as about 40m/s, while maximum

QBO eastward winds are considerably weaker (about 20m/s). An overview of the QBO and its effects are

given, for example, by Baldwin et al. [2001].

The QBO is an important process in atmospheric dynamics, and effects of the QBO are found over a large

range of altitudes and also in the extratropics. For example, the QBO has influence on the frequency of

stratospheric warmings in the Northern Hemisphere polar vortex [Holton and Tan, 1980]. It has been argued

by Holton and Tan [1980] that the polar vortex should be more stable if the QBO zonal wind at the 50mbar

pressure level (about 21 km altitude) and the wind in the polar vortex have the same direction (i.e., east-

ward) and less stable during QBO westward phases when the winds are opposite. The QBO also influences

the weather and climate in the extratropical lower atmosphere and even at the surface [e.g., Ebdon, 1975;

Boer and Hamilton, 2008;Marshall and Scaife, 2009], and complicated interactions between the QBO and the

11 year solar cycle affect the global circulation over a large range of latitudes [e.g., Gray et al., 2010, and refer-

ences therein]. Further, by wind filtering, the QBO influences the spectrum of waves that propagate upward.

This has an effect on the atmospheric circulation patterns at higher altitudes. For example, the prefiltered

wave spectrum is likely responsible for the formation of a QBO in the tropical mesopause region [see also

Baldwin et al., 2001, and references therein].

It has been proposed by Lindzen and Holton [1968] and Holton and Lindzen [1972] that the QBO is a

wave-driven circulation pattern. In particular, this is indicated by the downward propagation of the QBO

eastward and westward wind phases with time. Meanwhile, it has been accepted that both global-scale
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waves and short horizontal scale gravity waves contribute. Gravity waves cover a large range of relatively

short horizontal wavelengths (from several tens to a few thousand kilometers). In the equatorial region most

of the driving by waves that are usually resolved in models is due to equatorial wave modes, for example,

Kelvin waves, mixed Rossby-gravity waves, and equatorial Rossby waves. These resolved waves, particularly

the Kelvin waves, can have considerable temperature amplitudes of several kelvins and zonal wind ampli-

tudes of several m/s in the stratosphere [e.g., Ratnam et al., 2006; Ern et al., 2008, 2009b; Yang et al., 2012],

but nonetheless the wave driving by these global-scale waves is not sufficient, and it has been concluded

that gravity waves account for most of the driving of the QBO [e.g., Dunkerton, 1997; Ern and Preusse, 2009a,

2009b; Evan et al., 2012]. However, the direct quantification of the relative importance of global-scale waves

and gravity waves for the driving of the QBO is still an open issue.

Because of its importance for the dynamics of the whole atmosphere, much effort has been made to simu-

late a QBO, as realistically as possible, in general circulation models (GCMs) and chemistry-climate models

(CCMs) [e.g., Scaife et al., 2000; Giorgetta et al., 2002, 2006; Kawatani et al., 2010; Orr et al., 2010; Xue et

al., 2012]. Given its relevance for the surface weather and climate at high northern latitudes, a realistic

model-generated QBO possibly would allow more accurate longer-range weather predictions, as well as

climate predictions that are robust not only on global average, but also on regional scales [e.g., Boer and

Hamilton, 2008; Gerber et al., 2012]. The simulated QBO in GCMs/CCMs is, however, often not fully realistic

in its wind amplitude and oscillation period. One major shortcoming of the models is the representation

of atmospheric waves that contribute to the driving of the QBO. Usually, global-scale waves with long ver-

tical wavelengths can be simulated in GCMs/CCMs. However, often the vertical resolution of the models is

too coarse to reliably resolve waves with short vertical wavelengths (both planetary-scale waves and grav-

ity waves), as well as the propagation and wave-mean flow interactions of waves in general. Also, limitations

in the horizontal resolution are a major problem. In particular, gravity waves are too short in their horizon-

tal scales and are underestimated in global models [e.g., Schroeder et al., 2009]. For this reason, GCMs/CCMs

usually require parameterized gravity wave drag to drive the QBO, which involves large uncertainties.

To obtain a more realistic QBO in GCMs/CCMs, an improvement of the parameterized gravity wave drag is

required. For this purpose, global observations of gravity waves are needed (i.e., observations from satellite)

[e.g., Alexander et al., 2010; Geller et al., 2013]. In particular, global observations of gravity waves can be used

to directly estimate the relative importance of global-scale waves and gravity waves for the driving of the

QBO. This information is required to adjust the strength of the parameterized gravity wave momentum flux

in GCMs/CCMs to obtain the correct amount of gravity wave drag in the tropical stratosphere. There are also

indications that the intermittency of gravity wave sources might play an important role for the dynamics

of the QBO and that this intermittency should be included in gravity wave parameterizations [Lott et al.,

2012]. Further, it is important to find out which part of the gravity wave spectrum contributes to the driving

of the QBO. Global observations of gravity wave momentum flux and drag, as well as gravity wave spectra

and intermittency, are therefore important information that can support efforts of modeling a realistic QBO.

Such observations are also a step toward attributing observed gravity waves to particular source processes,

and, provided that these sources are correctly parameterized in GCMs/CCMs [see also, for example, Song et

al., 2007; Richter et al., 2010; Kim et al., 2013], the information could help to account for feedback processes

like changing gravity wave sources in a changing climate.

Even though global observations of gravity waves from satellites are difficult because of the short horizon-

tal scales of those waves, several studies show that gravity wave activity in the tropics is modulated by the

QBO [e.g., de la Torre et al., 2006; Krebsbach and Preusse, 2007; Ern et al., 2008;Wu and Eckermann, 2008].

These studies are, however, limited to gravity wave variances or squared amplitudes, and no spectral infor-

mation about horizontal and vertical wavelengths of the gravity waves that drive the QBO was obtained.

Moreover, these previous studies did not provide gravity wave momentum fluxes and gravity wave drag that

would have been needed to estimate the contribution of gravity waves to the QBO driving. In several previ-

ous studies gravity wave momentum fluxes and gravity wave drag derived from High Resolution Dynamics

Limb Sounder (HIRDLS) and Sounding of the Atmosphere Using Broadband Emission Radiometry (SABER)

observations have already provided valuable information about the interaction of gravity waves with the

background flow [e.g., Alexander et al., 2008;Wright et al., 2010; Ern et al., 2011, 2013b]. Therefore, in our

study we use these data sets to investigate also the interaction of gravity waves with the QBO in the tropics.

In particular, for the first time the contribution of gravity wave drag to the forcing of the QBO is estimated

directly from satellite observations of gravity wave momentum flux in the tropics.
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In section 2 the data sets used in our study are described, and in section 3 we investigate how the global

distribution of gravity waves observed by the satellite instruments HIRDLS and SABER is modulated by

the QBO. From the satellite observations we calculate gravity wave momentum flux spectra in the trop-

ics to identify the part of the momentum flux spectrum that is responsible for the driving of the QBO (see

Appendix B). In section 3 we also directly estimate gravity wave drag from the satellite observations to learn

more about the forcing of the QBO by gravity waves. For this purpose the observed gravity wave drag is

compared to the amount of wave drag that is missing in the momentum budget of the European Centre for

Medium-Range Weather Forecasts (ECMWF) ERA-Interim reanalysis. In addition, the intermittency of gravity

wave momentum fluxes in the tropics is estimated from the satellite observations. Finally, a summary and

discussion is given in section 4.

2. Data Sets Used
2.1. The Instruments HIRDLS and SABER

HIRDLS is one of the instruments onboard the EOS Aura satellite. For more than 3 years (January 2005 until

March 2008) HIRDLS observed mid-infrared emissions of trace species in limb-viewing geometry. From

emissions of CO2 molecules around 15 μm atmospheric temperature-pressure profiles are derived from the

tropopause region to above 70 km altitude. The vertical field of view (FOV) of the HIRDLS instrument is 1 km.

This value is preserved for the vertical resolution of observed temperature altitude profiles. This is possible

because measurement noise is low and because the FOV is 5 times vertically oversampled during altitude

scans. The vertical resolution of 1 km for HIRDLS altitude profiles has been confirmed in several studies

[e.g., Barnett et al., 2008; Gille et al., 2008;Wright et al., 2011]. The horizontal distance between subsequent

altitude profiles is about 100 km. These horizontal and vertical resolutions are very advantageous for the

analysis of small-scale atmospheric structures, such as gravity waves. The latitudinal coverage of HIRDLS is

from about 63◦S to 80◦N. In our study we use version V006 HIRDLS temperatures [see also Gille et al., 2011].

In the observed temperature altitude profiles we analyze temperature fluctuations that are induced by grav-

ity waves. Therefore, only random errors (precision), and not systematic errors (accuracy), of the derived

temperatures are important for us. (For example, minor systematic temperature biases will not affect the

temperature fluctuations that can be attributed to gravity waves.) Typical random errors of HIRDLS temper-

atures (measured standard deviations) are ∼0.3 K at 20 km altitude, increasing to ∼0.6 K at 50 km [see Gille et

al., 2011, Figure 5.1.3]. These values are well below the zonal average standard deviations that we attribute

to gravity waves (see section 3.1). More information about the HIRDLS instrument and temperature retrieval

is available, for example, in Gille et al. [2003, 2008, and references therein].

The SABER instrument is one of the instruments onboard the Thermosphere-Ionosphere-Mesosphere Ener-

getics and Dynamics (TIMED) satellite. Like the HIRDLS instrument, temperature altitude profiles are derived

from CO2 limb radiances. Temperatures are derived from the tropopause region to well above 100 km alti-

tude with an altitude resolution of about 2 km. This value is very close to the vertical FOV of the SABER

instrument and is also achieved by low measurement noise and 5 times vertically oversampling the FOV

during vertical scans, similarly as for HIRDLS. For both HIRDLS and SABER the inherently narrow weighting

functions in the limb preserve the vertical resolution afforded by the FOV. For SABER the horizontal sampling

step between subsequent altitude profiles is between about 200 and 600 km, depending on the triangu-

lar vertical scanning pattern [see also Remsberg et al., 2008]. The TIMED satellite performs yaw maneuvers

about every 60 days. Therefore, SABER switches every about 60 days between a northward and a southward

viewing geometry with latitudinal coverages of about 50◦S–82◦N and 82◦S–50◦N, respectively. SABER obser-

vations started in January 2002 and are still ongoing at the time of writing. Our study is based on SABER

v1.07 temperature data. The random error (precision) of SABER temperatures is ∼0.3 K below about 32 km

altitude, increasing to ∼0.6 K at 40 km altitude [see Remsberg et al., 2008, Table 1]. Like for HIRDLS, these val-

ues are well below the standard deviations due to gravity waves (see section 3.1). More information about

the SABER instrument and temperature retrieval is available in Mlynczak [1997], Russell et al. [1999], and

Remsberg et al. [2004, 2008, and references therein].

2.2. Estimation of Gravity Wave Variances, Momentum Fluxes, and Drag From Satellite Observations

In order to investigate the interaction of the global distribution of gravity waves with the QBO, we derive

gravity wave variances, momentum fluxes, and drag from HIRDLS and SABER temperature observations. We

always consider averages over the latitude band 10◦S–10◦N and 7 days in time with a time step of 3 days.

This provides both good statistics and a time resolution that is sufficient to sample the very short periods of
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strong QBO wind shear. The extraction of gravity waves and their characteristics from temperature altitude

profiles observed from satellite is a procedure that involves several data processing steps. This procedure is

described in more detail in Ern et al. [2004, 2011] and is only briefly summarized here.

2.2.1. Estimation of Gravity Wave Variances

First, the zonal mean background state of the atmosphere is removed from the altitude profiles. Then the

temperature field due to global-scale waves is determined by carrying out a space-time spectral decompo-

sition in longitude and time for a set of fixed latitudes and altitudes. The latitude step used is 1◦ for both

instruments, and the altitude step is 0.5 km for HIRDLS and 1 km for SABER. Latitude and altitude ranges

of this latitude/altitude grid were chosen according to the global coverage of the two instruments. The

space-time spectra were determined in overlapping time windows of 31 days length. These spectra are used

to reconstruct the superposition of global-scale waves for the exact coordinates in space and time of each

temperature observation for the HIRDLS and SABER instrument, respectively. For more details see also Ern et

al. [2011, 2013b].

The orbit geometry of satellites in low Earth orbit resolves zonal wave numbers of about 7, depending on

the ground-based frequency of the waves. By combining ascending and descending parts of the satellite

orbit, global-scale waves with periods as short as about 1 day can be resolved. However, we only use zonal

wave numbers up to 6 and wave frequencies <0.7 cycles/d for the removal of global-scale waves. In the

equatorial region it is important to use a large range of wave frequencies because Kelvin waves, the most

dominant global-scale equatorial wave mode in temperatures, can have very short wave periods of only a

few days, even in the stratosphere [e.g., Forbes et al., 2009; Ern et al., 2008, 2009a; Ern and Preusse, 2009a]. In

addition to the procedure as described in Ern et al. [2011] also the strongest tidal modes have been removed

by subtracting quasi-stationary zonal wave numbers 0–4, separately for ascending and descending parts of

the satellite orbits [see also Ern et al., 2013b].

2.2.2. Estimation of Gravity Wave Momentum Flux Absolute Values

Having removed the global-scale waves, the results are altitude profiles of residual temperatures that can

be attributed to mesoscale gravity waves. For these altitude profiles the dominant vertical wave structures

(strongest waves) are determined by a combination of maximum entropy method and harmonical analy-

sis (MEM/HA), as described in Preusse et al. [2002, sections 3.2 and 3.3]. The outcomes of this procedure are

altitude profiles of amplitudes and vertical wavelengths and phases (these phases define the location of the

sinusoid in the vertical direction) of the strongest waves for each altitude profile of residual temperatures.

This technique uses vertical windows of fixed vertical extent to determine the gravity wave parameters.

In our current study we use vertical windows of 10 km for gravity wave momentum flux spectra in order

to cover a vertical wavelength range as large as possible (2–25 km). For all other purposes we determine

total (absolute) gravity wave momentum fluxes using narrower windows of 5 km vertical extent in order to

obtain an altitude resolution as fine as possible but with a smaller available range of vertical wavelengths

(2–12 km). In order to minimize the influence of longer vertical wavelengths outside this range on the anal-

ysis results, the data are high-pass filtered (in vertical wave numberm) by applying a fast Fourier transform

(FFT) to the entire vertical profile. The high-pass filtered altitude profiles are obtained by carrying out the

back-transformation only for vertical wavelengths �z <12 km (m = 2�∕�z). The capabilities of the MEM/HA

method are illustrated for several altitude profiles in Appendix A.

According to estimates of the uncertainty in the observed vertical wavelengths [see Preusse et al., 2002], we

assume that in two consecutive altitude profiles of the satellite measurement track (profile pairs) the same

wave is observed if the vertical wavelengths differ by no more than 40%. For the analysis with the 10 km

vertical window, between 60 and 70% of the pairs are retained in the tropics. For the high-pass filtered data

set with the narrower 5 km window, around 80% of the pairs are retained. The selection of profile pairs does

not alter average distributions of gravity wave variances in either case, for example, the zonal mean variance.

This means that the average variance of selected profile pairs is approximately equal to the variance of all

profiles, and the resulting momentum fluxes are therefore likely representative for the average distribution

of gravity waves [see also Geller et al., 2013].

If in a pair of altitude profiles the same wave is observed, the horizontal wavelength can be estimated from

the vertical phase shift of the wave between the two profiles. Of course, this horizontal wavelength estimate

represents only the projection of the true wavelength on the measurement track and is therefore always an

overestimation of the true horizontal wavelength. This is discussed in more detail by Preusse et al. [2009].

To be able to determine the horizontal wavelength, it is required that the horizontal distance between the
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two profiles is below about 300 km. Since the two profiles are measured within less than 40 s, the phase dif-

ference between the profiles can be attributed to the horizontal wave structure alone. The 300 km criterion

is fulfilled for almost all HIRDLS pairs of altitude profiles and for about 50% of the SABER profile pairs (for

details see Ern et al. [2011]).

Once we have determined the horizontal wavelength, the absolute momentum flux Fph carried by the wave

can be estimated via equation (7) in Ern et al. [2004]:

Fph =
1

2
�0

�z
�h

( g

N

)2
(
T̂

T

)2

(1)

with �0 the atmospheric background density, g the gravity acceleration, N the buoyancy frequency, �h and

�z the horizontal and vertical wavelength of the gravity wave, T̂ the temperature amplitude of the wave, and

T the atmospheric background temperature.

For this approach we assume that in each altitude profile there is one wave dominating over the others.

This is usually a good approximation. For our study this is even more the case: after application of the

vertical wave number high-pass filter (only vertical wavelengths <12 km are retained), at a given altitude

contributions of waves other than the strongest one can be neglected.

Since no directional information can be recovered from the 2D information provided by a single satel-

lite measurement track, these momentum fluxes are only absolute momentum fluxes. If averaged over a

region, the resulting average momentum fluxes can be considered an average over the momentum flux

absolute values of all horizontal propagation directions of the observed gravity waves. Since we are not

able to account for cancellation effects of gravity waves carrying momentum in opposite directions, we

call these momentum fluxes also “total” momentum fluxes. This shortcoming has to be accounted for

when comparing gravity wave momentum flux observations with momentum fluxes from models [see also

Geller et al., 2013].

The uncertainty of these absolute (total) momentum fluxes is large, at least a factor of 2. Sometimes net

momentum fluxes could be even close to 0 due to cancellation effects, while total or absolute momentum

fluxes could be sizable [see also Geller et al., 2013, Appendix B]. On the other hand, if in a region the momen-

tum fluxes of the observed gravity waves have predominantly the same direction, total and net momentum

fluxes will be about the same.

One main error source of observed absolute (total) momentum flux is the horizontal wavelength, but also

the observational filter of the instrument contributes. Satellite instruments using the limb-viewing geome-

try can only detect gravity waves with horizontal wavelengths longer than about 100–200 km and vertical

wavelengths (�z) longer than about twice the vertical field of view. Accordingly, HIRDLS is able to detect

gravity waves with �z >2 km and SABER with �z >4–5 km. Of course, close to the detection limits at short

horizontal and vertical wavelengths, the sensitivity of the instruments for temperature fluctuations is

strongly reduced, resulting in an underestimation of wave amplitudes [see also Preusse et al., 2002, 2009;

Ungermann et al., 2010].

From the single gravity wave momentum flux observations, it is also possible to determine momentum flux

spectra (momentum flux as a function of horizontal and vertical wave number) if we subdivide the plane

of horizontal and vertical wave numbers into bins and integrate over the momentum fluxes of the single

observations falling into each bin. Of course, this is only possible if we consider a larger number of observa-

tions in a certain longitude/latitude region [see also Lehmann et al., 2012]. For the display of these spectra it

is advantageous to use logarithmic scales for both horizontal and vertical wave numbers. The procedure for

estimating gravity wave spectra is described in more detail in Ern and Preusse [2012].

2.2.3. Estimation of Total Gravity Wave Drag

From vertical gradients of total (absolute) momentum flux the total (absolute) drag XY on the background

wind due to gravity waves can be calculated as follows:

XY = −
1

�0

�Fph

�z
(2)

with XY the acceleration or deceleration of the background wind and z the vertical coordinate.
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However, since the total (absolute) momentum flux Fph as described above does not contain any directional

information, also the values of wave drag XY calculated from its vertical gradients represent only total drag

(i.e., absolute values) [see also Ern et al., 2011]. Like the total momentum fluxes, estimates of total gravity

wave drag have large uncertainties, at least a factor of 2. In particular, “total drag” is an unphysical quantity,

and “net drag” resulting from vertical gradients in “net momentum fluxes” would be needed to describe the

effect of gravity waves on the background flow. Like for total momentum flux, total drag could be sizable,

while net drag could be close to 0. Total drag and net drag are the same only if the momentum flux of the

observed gravity waves has prevailingly the same direction.

Under certain meteorological conditions it is possible to overcome the lack of directional information: in

strong wind jets and directly above, it can be assumed that the total momentum flux is dominated by grav-

ity waves propagating opposite to the prevailing wind direction in the jet, and the resulting total gravity

wave drag should have a decelerating effect on the wind jet, especially in regions of strong vertical wind

shear at the top of the jet. This has been discussed in much detail inWarner et al. [2005] and Ern et al. [2008,

2011, 2013b]. Also, observations confirm that gravity wave momentum fluxes in wind jets are preferentially

directed opposite to the background wind [e.g., Gong et al., 2008]. Further, Ern et al. [2013b] have shown that

based on this assumption, meaningful results can be achieved and a consistent picture of the breakdown

of the summertime mesospheric zonal wind jet is obtained. It can be expected that also for other situations

this assumption holds.

Of course, wind jets can also have meridional components. Usually, however, the zonal direction is by far

dominant. Therefore, in our study we assume that observed total gravity wave drag can mainly be attributed

to the zonal direction and that uncertainties due to meridional components in the wind jets are small com-

pared to other error sources. In particular,Warner et al. [2005] have shown that also for the tropical wind

jets of the QBO the dominant component of the momentum flux and the resulting wave drag should be

directed opposite to the prevailing zonal winds. In our study this assumption indeed leads to a consistent

picture of the dynamics of the QBO; see below.

It should, however, be mentioned that our data set of observed gravity wave momentum fluxes covers only

a limited part of the whole spectrum (only horizontal wavelengths >100–200 km and vertical wavelengths

<25 km). It has been found by Geller et al. [2013] that momentum flux vertical gradients in global models are

weaker than in limb observations from satellite. It has been argued that short horizontal wavelength grav-

ity waves (�h <100 km, not visible for the limb sounders) should dissipate at higher altitudes than longer

horizontal wavelength gravity waves. This could lead to the difference in vertical gradients. However, the

real reason for this difference is still not fully understood, and there are several effects that may contribute:

If it is assumed that the gravity wave momentum flux phase speed spectrum is the same for short and long

horizontal wavelength gravity waves, long horizontal wavelength gravity waves should have larger ampli-

tudes (cf. equation (1)) and should therefore saturate earlier, in particular potentially before reaching a

critical level. Another explanation for the different vertical gradients could be, for example, that the gravity

wave momentum flux phase speed spectrum might be different for short and long horizontal wavelength

gravity waves.

Of course, gravity wave momentum fluxes and gravity wave drag derived in our study are only representa-

tive of the part of the gravity wave spectrum contained in our observations. To account for the full effect of

gravity waves in driving the QBO, also the dissipation of waves in the unobserved part of the gravity wave

spectrum would have to be considered. It can, however, be speculated that if short horizontal wavelength

gravity waves on average deposit momentum at higher altitudes, already a significant part of the driving of

the QBO is covered by our data set.

Another shortcoming is that close to their critical level the vertical wavelengths of dissipating gravity waves

become very short, and already somewhat below their critical level they are no longer observable by the

satellite instruments. On the other hand, this shortcoming is helpful, because we are able to reliably deter-

mine amplitudes, vertical wavelengths, andmomentum fluxes until close to the altitudes where these waves

become invisible for the satellite instruments. Please note that the 5 km vertical window of our analysis is

not much longer than the shortest vertical wavelengths that are usually observed by the satellite instru-

ments (about 3 km for HIRDLS and about 5 km for SABER), and variations of the vertical wavelengths with

altitude can therefore be captured. It is also important that the MEM/HA method as described by Preusse

et al. [2002] is a two-stage method: the best fit wave is determined in a fixed vertical window for a set of
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predefined vertical wavelengths. Therefore, this method offers a better altitude resolution than just a simple

Fourier analysis (see also Appendix A).

With the 5 km vertical window used in our study, reasonable momentum fluxes can be determined already

a few km below and above the altitude where a dissipating wave becomes invisible, and the 5 km vertical

window provides an effective smoothing and interpolation for the altitude range in between. This inter-

polation will somewhat increase the already very large errors, but our momentum fluxes and their vertical

gradients will still provide useful information. Of course, when comparing to model data, we have to account

for the limited vertical resolution of our data, as well as for the systematical shift in altitude arising from the

observational filter of the instruments.

2.3. The Zonal Momentum Balance in ERA-Interim
2.3.1. Background

For comparison with the wave drag estimated directly from observations, we determine the momentum bal-

ance in the tropics from meteorological data, similarly to what was done in Ern and Preusse [2009a, 2009b].

For this purpose we use the ECMWF ERA-Interim data set [e.g., Dee et al., 2011]. In the lower and middle

stratosphere this data set should be quite reliable due to the assimilation of a large number of observations

complemented by a good underlying model, good quality control, and good analysis procedures. For details

on the ERA-Interim data assimilation system see Dee et al. [2011, and references therein].

A high-quality assimilation of data is essential to obtain realistic distributions of temperatures and winds. For

example, if no data are assimilated, the ECMWF model version used for ERA-Interim (forecast model version

Cy31r2 from December 2006) does not simulate a QBO. The likely reason for this shortcoming is the poor

parameterization of gravity wave drag by a Rayleigh friction scheme. Only in more recent model versions,

starting with the forecast model version Cy35r3, which became operational in September 2009, the ECMWF

model is able to self-generate a QBO. This improvement was achieved by replacing the Rayleigh friction

scheme by a spectral parameterization of gravity waves [Orr et al., 2010].

Another benefit of data assimilation is that in ECMWF analyses and reanalyses the planetary waves are also

quite realistic. For example, good agreement of planetary waves has been found by comparison with satel-

lite observations in the tropical lower and middle stratosphere [e.g., Ern et al., 2008, 2009b]. There is also

good agreement of wave drag due to Kelvin waves in the tropics between ECMWF and satellite observations

[e.g., Ern and Preusse, 2009a, 2009b]. A good representation of planetary waves in ERA-Interim is important

for us because in this subsection we calculate the missing drag in the ERA-Interim tropical zonal momentum

budget. Since the planetary waves in ERA-Interim are quite realistic, we can assume that this missing drag

can be attributed mainly to gravity waves.

For determining the zonal momentum budget, we use ERA-Interim data with a time step of 6 h, which is

important to avoid biases by diurnal cycle effects [e.g., Seviour et al., 2012]. Our ERA-Interim data are on a

horizontal grid of 1◦ × 1◦ in longitude and latitude. The altitude resolution is about 1.4 km. The transformed

Eulerian mean (TEM) zonal momentum equation can be expressed as follows [see also Andrews et al., 1987]:

�u

�t
+ v

∗

((
u cosΦ

)
Φ

a cosΦ
− f

)
+ w

∗
uz = XPW+XGW (3)

In this equation �u∕�t is the tendency of the zonal mean zonal wind u, f the Coriolis frequency, v
∗
and w

∗

the TEM meridional and vertical wind, a the Earth’s radius,Φ the geographic latitude, and XPW and XGW the

zonal mean zonal wave drag due to planetary and gravity waves, respectively. Subscripts Φ and z indicate

differentiation in meridional and vertical direction, respectively. Overbars indicate zonal averages. In the

following, the momentum budget terms involving v
∗
and w

∗
will be called “meridional advection term” and

“vertical advection term,” respectively.

The TEM zonal mean meridional and vertical winds are defined as follows:

v
∗
= v −

1

�0

(
�0

v′Θ′

Θz

)

z
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w
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1

�0a cosΦ

(
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v′Θ′

Θz

)

Φ

(5)
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In these equations v and w are the meridional and vertical wind, respectively, Θ the potential tempera-

ture, and v′ and Θ′ perturbations of the meridional wind and potential temperature with respect to their

zonal mean.

The zonal mean wave drag X res of the waves that are explicitly resolved using the ERA analysis products

(both global-scale and gravity waves) can be calculated from the divergence of the Eliassen-Palm flux (EP

flux). The meridional (F(Φ)) and the vertical component (F(z)) of the EP flux can be expressed as follows:

F
(Φ) = �0a cosΦ

(
v′Θ′

Θz

uz − u′v′

)
(6)

F
(z) = �0a cosΦ

[(
f −

(u cosΦ)Φ

a cosΦ

)
v′Θ′

Θz

− u′w′

]
(7)

The EP flux divergence is given by

∇ ⋅ F =
1

a cosΦ

�

�Φ

(
F
(Φ) cosΦ

)
+

�

�z
F
(z) (8)

And the resolved wave drag is

X res =
1

�0a cosΦ
∇ ⋅ F (9)

In the following, we will use X res from ERA-Interim integrated over zonal wave numbers 1–20 as an estimate

for the contribution of planetary waves XPW in equation (3). The choice of this wave number range is some-

what arbitrary. In particular, the highest wave numbers will already be a mixture of planetary waves and

resolved gravity waves, and the wave number range 1–20 will therefore probably result in an upper esti-

mate for XPW . The contribution of even higher zonal wave numbers in ERA-Interim is very small and also not

considered to be very reliable. Please note that in ECMWF operational data with even better longitudinal

resolution than the 0.7◦ (T255) of ERA-Interim, the amplitudes of resolved gravity waves are generally much

lower than in observations, and the global distribution of gravity waves in the tropics is not very realistic

[e.g., Schroeder et al., 2009].

Based on this estimate of XPW , we can calculate the wave drag that is missing in the ERA-Interim data set,

and we can use this missing drag as an estimate for the drag XGW that is expected to be contributed by grav-

ity waves. This approach is similar to the one presented in Alexander and Rosenlof [2003] and relies on the

assumption that the temperature and wind fields of the reanalysis are quasi-realistic by using a good under-

lying model, as well as the assimilation of a large number of observations in combination with good quality

control and good analysis procedures.

2.3.2. Discussion of Results

The zonal wind in m/s and the different terms of the tropical momentum budget (see equation (3)) in

m/s/d, averaged over the latitude band 10◦S–10◦N are displayed in Figure 1. To match with the time

intervals used for the gravity wave analysis of HIRDLS and SABER data (see section 2.2.2), all values are

averages over 7 days with a time step of 3 days (i.e., represent overlapping time windows). Shown are the

zonal wind in m/s (Figure 1a), the zonal wind tendency �u∕�t (Figure 1b), the meridional advection term

v
∗
(
(
u cosΦ

)
Φ
∕(a cosΦ)−f ) (Figure 1c), the vertical advection termw

∗
uz (Figure 1d), the resolved wave drag

XPW for zonal wave numbers 1–20 (Figure 1e), and the residual term XGW (Figure 1f ) representing the missing

drag attributed to gravity waves. This “missing drag” comprises the small contribution of explicitly resolved

waves in ERA-Interim with zonal wave numbers >20, as well as parameterized gravity wave drag and the

imbalances of the ERA-Interim momentum budget that are caused by data assimilation. Values of the zonal

mean zonal wind are overplotted as contour lines in Figure 1.

Figure 1a shows the alternating pattern of QBO eastward and westward winds. During QBO phases of

westward directed wind, the wind speed is considerably stronger (about −40m/s) than during QBO east-

ward wind phases (about 20m/s). As mentioned before, the phases of eastward and westward zonal wind

descend with time, which is indicative for a wave-driven change of circulation. The vertical extent of QBO

ERN ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2336



Journal of Geophysical Research: Atmospheres 10.1002/2013JD020731

Figure 1. Altitude-time cross sections of the 10◦S–10◦N average (a) ERA-Interim zonal wind in m/s, and the following

terms of the ERA-Interim tropical momentum budget in m/s/d: (b) zonal wind tendency �u∕�t, (c) meridional advection

term, (d) vertical advection term, (e) planetary wave drag from EP flux divergence including zonal wave numbers 1–20,

and (f ) missing drag that is attributed to gravity waves. Figure 1f is the sum of Figures 1b, 1c, and 1d minus Figure 1e.

Contour lines represent the zonal wind from Figure 1a. The bold solid line is the zero wind line. Dashed (solid) lines

indicate westward (eastward) wind. Contour interval is 20m/s.

westward and eastward phases varies considerably. Sometimes the QBO wind bands are as narrow as only

about 5 km. Of course, this narrow vertical extent of the QBO wind bands requires high vertical resolution

of the gravity wave analysis and, accordingly, a small vertical analysis window. We therefore mainly use

high-pass filtered HIRDLS and SABER data (containing only vertical wavelengths <12 km) and a 5 km vertical

window to obtain an altitude resolution as fine as possible (see also section 2.2.2). The analysis described in

Ern et al. [2011] that is based on a coarser 10 km vertical window is only used for the determination of gravity

wave spectra (see Appendix B).
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The zonal wind tendency (Figure 1b) reaches values as high as 1m/s/d for periods of strong QBO-related

eastward wind shear. For westward wind shear the tendency is considerably weaker and rarely exceeds val-

ues of −0.5m/s/d. The meridional advection term (Figure 1c) is usually weaker than 0.2m/s/d but can attain

values as large as 0.5m/s/d around the zero wind lines during eastward wind shear of the QBO. The verti-

cal advection term (Figure 1d) is usually weak (below 0.2m/s/d), but at the beginning of the QBO westward

wind phases it sometimes can attain values as strong as −0.5m/s/d.

The most robust term of the different tendency terms discussed so far is probably the zonal wind tendency

because this term is relatively large and directly related to the winds assimilated from observations, at least

in the lower and middle stratosphere. The terms shown in Figures 1c and 1d, however, include the relatively

weak residual circulation terms v
∗
and w

∗
and will therefore be more uncertain.

The drag due to resolved waves XPW (Figure 1e) usually is strongest around the zero wind lines with the

more well-definedmaxima during eastward wind shear of the QBO. Peak values usually are around 0.3m/s/d

but sometimes can be as high as 0.5m/s/d. During westward wind shear in the lower stratosphere values

usually are weaker than 0.2m/s/d. Only in the middle and upper stratosphere, values sometimes can be as

strong as −0.5m/s/d. The resolved wave drag is only as reliable as the global-scale waves in ERA-Interim are

reliable, which is likely the case in the lower stratosphere [e.g., Ern et al., 2008], but might no longer hold in

the upper stratosphere and above [see also Ern et al., 2009b].

The residual term XGW , which represents the missing drag due to gravity waves, is obtained from all the

other terms (see equation (3)) and therefore is the most uncertain term of all. Values reach about 0.5m/s/d

during eastward wind shear of the QBO and about −0.5m/s/d during westward wind shear. During west-

ward wind shear the strongest values coincide with the values of the strongest wind shear. However, during

the periods of QBO eastward wind shear, maximum values are attained at altitudes somewhat above the

strongest wind shear, i.e., maxima of the missing drag are found at somewhat higher altitudes than the max-

ima of planetary wave drag. Similar behavior has been found for the gravity wave drag in several model

simulations of the QBO [e.g., Giorgetta et al., 2006; Kawatani et al., 2010; Evan et al., 2012], which supports

our assumption that the missing drag in ERA-Interim can indeed be attributed to gravity waves. The max-

imization of planetary wave drag slightly before (i.e., below) the zero wind lines is also qualitatively in

good agreement with observations of Kelvin wave drag during eastward wind shear [e.g., Ern and Preusse,

2009a, 2009b].

The missing drag XGW is usually somewhat stronger than XPW during eastward wind shear of the QBO and

considerably stronger during westward wind shear. This shows that gravity waves are very likely more

important for the driving of the QBO than global-scale waves, in particular during westward wind shear. Our

results for XGW are also in reasonable agreement with a similar analysis byMonier and Weare [2011] based on

ERA-40 data. InMonier and Weare [2011] peak values of missing drag are about ±0.4m/s/d.

3. QBO-Related Variation of theObservedGravityWaveDistribution
3.1. Gravity Wave Variances

First, we investigate how gravity wave temperature variances that are observed by HIRDLS and SABER

are modulated by the QBO. In order to preserve the full altitude resolution of the satellite instruments,

Figures 2a–2d show the gravity wave temperature variances obtained directly after removing the

global-scale waves. Figures 2a and 2b show SABER and HIRDLS temperature variances averaged over the lat-

itude band 10◦S–10◦N for vertical wavelengths <25 km [see also Ern et al., 2011]. Figures 2c and 2d show the

same but with an additional FFT high-pass filter applied so that only vertical wavelengths <12 km are still

contained in the data.

The observed gravity wave variances in the tropics show a very characteristic pattern with enhancements

directly below the QBO zero wind lines. This is seen in all panels of Figure 2. This finding can be explained by

the following theoretical considerations: Close to the critical level (before saturation occurs) the amplitude

growth of a gravity wave is proportional to |u− c|−1∕2 [see Lindzen, 1981; Randel and Wu, 2005, Appendix A],

with u the zonal mean zonal wind and c the ground-based phase speed of the gravity wave. On the other

hand, the critical amplitude limit for the onset of wave breaking is proportional to |u− c| [see Ern et al., 2008,
equation (10)]. Therefore, if in strong vertical wind shear |u − c| tends to 0, an increase of the wave variance

proportional to |u − c|−1 would be expected until saturation is reached. Then, after reaching saturation, the
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Figure 2. Altitude-time cross sections of (a) SABER gravity wave temperature variances, averaged over 10◦S–10◦N. Dif-

ferent from gravity wave amplitude estimates, no vertical window was applied. (b) Same as Figure 2a but for HIRDLS.

(c, d) Same as Figures 2a and 2b but with a vertical wave number high-pass (cutoff at �z=12 km) applied to the SABER

and HIRDLS temperature altitude profiles. (e) Average gravity wave squared amplitudes determined in 5 km vertical

windows for the high-passed SABER altitude profiles. Values were divided by 2 to be comparable to the variances in

Figures 2a–2d. (f ) Same as Figure 2e but for HIRDLS. Units in Figures 2a–2f are dB(K2). Contour lines indicate the zonal

wind: westward wind is dashed, and the bold contour line indicates zero wind. Contour increment is 20m/s.

variance is expected to decrease proportional to |u − c|2. A combination of these two effects would result in

a variance maximum somewhat below the critical wind line.

Close to the QBO zero wind lines for a large part of the whole spectrum of gravity waves, the critical lev-

els (i.e., u − c = 0) nearly coincide. This probably leads to the observed layers of enhanced gravity wave

variances. In particular, because the QBO eastward wind shear is much stronger than the westward wind

shear, this enhancement of gravity wave variances should be more pronounced for the eastward wind shear
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phases of the QBO—simply because a larger part of the wave spectrum reaches its critical wind level at

almost the same altitude [see also Ern et al., 2013a].

This theoretical behavior is also qualitatively found in the observations: in Figures 2a and 2b between 20 and

30 km altitude, peak values of gravity wave variances during eastward wind shear are about 3.5 dB (∼2.3 K2)

and are about 2 dB (∼1.6 K2) during westward wind shear. Minimum variances are about −1dB (∼0.8 K2).

These values are about the same for both SABER and HIRDLS, only sometimes HIRDLS is ∼0.5 dB lower than

SABER. The reason for this minor difference of about 12% is unknown. In the high-pass filtered data sets

(Figures 2c and 2d) the QBO-related variations of gravity wave variances are perhaps even more characteris-

tic. Between 20 and 30 km altitude, peak values of variances during QBO eastward wind shear are about 2 dB

(∼1.6 K2) and are about 0.5 dB (∼1.1 K2) during westward wind shear. Minimum variances are about −2dB

(∼0.6 K2). Again, we find good agreement between SABER and HIRDLS.

Figures 2e and 2f show SABER and HIRDLS gravity wave squared amplitudes. Values were divided by 2 to

match the variances shown above. These amplitudes represent the strongest waves obtained from a win-

dowed vertical analysis of altitude profiles as described in Preusse et al. [2002] and Ern et al. [2004]. This

method was applied with a 5 km vertical window to the high-pass filtered SABER and HIRDLS data contain-

ing only waves with vertical wavelengths <12 km. Again, there is good agreement between HIRDLS and

SABER, and the relative variations seen in Figures 2e and 2f are qualitatively the same as in Figures 2c and 2d.

However, values of the squared amplitudes divided by 2 are generally about 1 dB (about 30%) lower than

the variances shown in Figures 2c and 2d. This small reduction of squared amplitudes divided by 2 with

respect to the variances is partly due to the vertical averaging effect of the 5 km vertical analysis window.

And, of course, some of the variance is also carried by weaker waves that may be present in a given altitude

profile at a given altitude, in addition to the dominant wave. These weaker waves are not contained in the

squared amplitudes shown in Figures 2e and 2f, and they are also neglected for the momentum flux calcu-

lation. Further, the averaging effect of the vertical window also reduces the effect of noise contained in the

measurements. This effect is particularly important at low altitudes, where gravity wave amplitudes are low.

The squared amplitudes shown in Figures 2e and 2f were determined from single altitude profiles. The aver-

age squared amplitudes that are obtained for pairs of altitude profiles are almost exactly the same and are

therefore not shown. Most importantly, the analysis based on the narrow 5 km vertical window is obvi-

ously capable of resolving the vertical variations of the gravity wave distribution, which is a precondition for

obtaining meaningful results in our further analyses (see below). Overall, the relative variations of tempera-

ture variances and squared amplitudes in Figure 2 are very similar, and the location of the maxima directly

below the zero wind lines indicates that critical level filtering of gravity waves is important in the whole

altitude range considered.

Even though the largest part of the QBO-related variation is still contained in the high-pass filtered data set,

we have to make sure that not much of the relevant part of the momentum flux spectrum and its vertical

variations are missed. As detailed below, this should not be the case, because mainly gravity waves that have

intrinsic phase speeds smaller than the maximum wind below the wind reversal should dissipate during this

wind reversal.

In midfrequency approximation the dispersion relation for gravity waves is

�̂ = Nkh∕m (10)

with �̂ the intrinsic frequency, N the buoyancy frequency, kh the horizontal, andm the vertical wave number

[e.g., Fritts and Alexander, 2003]. The intrinsic phase speed ĉ of the wave is given by

ĉ = �̂∕kh = N∕m = �zN∕(2�) (11)

and (for midfrequency gravity waves) depends only on the vertical wavelength �z of the wave and the buoy-

ancy frequency. Assuming a value of N = 0.02 s−1, which is a good approximation in the stratosphere, a

vertical wavelength of 12 km corresponds to an intrinsic phase speed of ĉ = 40m/s. This is about the maxi-

mum QBO wind that is observed. This means that mainly gravity waves having vertical wavelengths <12 km

below the wind reversal will encounter critical wind levels during the wind reversal. From these theoreti-

cal considerations, in order to capture the largest part of the gravity wave driving of the QBO it should be

sufficient to investigate the high-pass filtered SABER and HIRDLS data sets containing only gravity waves
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Figure 3. Altitude-time cross sections of (a) 10◦S–10◦N average SABER total gravity wave momentum fluxes from a

gravity wave analysis using a 5 km vertical window and a data set containing only vertical wavelengths <12 km. (b) Same

as Figure 3a but for the HIRDLS instrument. (c and d) Total gravity wave drag obtained from vertical gradients of the

SABER and HIRDLS momentum fluxes shown in Figures 3a and 3b, respectively. (e) Absolute values of the missing zonal

wave drag in ERA-Interim, smoothed with a 5 km vertical running mean.

with �z <12 km. This is further confirmed by the gravity wave momentum flux spectra shown in Appendix B.

From these spectra it is clearly seen that the main reduction of gravity wave momentum fluxes due to

QBO wind shear is at short vertical wavelengths (<12 km), which is as expected for critical level filtering of

gravity waves.

3.2. Gravity Wave Total Momentum Flux and Drag

In the following, the variations of the total (absolute) momentum fluxes are studied. Again, we use the

high-pass filtered data set of SABER and HIRDLS gravity wave temperature fluctuations containing only

vertical wavelengths <12 km. All values are obtained from a momentum flux analysis using a 5 km vertical

window, and they represent averages over the latitude band 10◦S–10◦N.

Figure 3a shows absolute momentum fluxes on a linear scale in 10−3 Pa for SABER and Figure 3b for HIRDLS.

Please note that the scales in 3a and 3b are different because our SABER data start at higher altitudes and

therefore cover a smaller range of momentum fluxes. Both SABER and HIRDLS momentum fluxes show

a general decrease with altitude. At low altitudes, close to the sources of the gravity waves, momentum

flux is high. Without wave dissipation taking effect, momentum flux would be a conserved quantity. The

observed decrease of momentum flux with altitude indicates that there is wave dissipation throughout the
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stratosphere. It is remarkable that the distribution of momentum fluxes in Figures 3a and 3b shows a char-

acteristic sawtooth-like shape that is closely related to the zonal wind shear and zero wind lines of the QBO.

This sawtooth-like (triangular) structure is caused by critical level filtering of parts of the wave spectrum and

indicates that wave driving contributes to the observed wind reversals. Similar behavior has been found

for the dissipation of Kelvin waves during the QBO wind reversal from westward to eastward winds [Ern

and Preusse, 2009a] and for the dissipation of gravity waves during the reversal of the mesospheric wind

jets from summertime westward to wintertime eastward winds [Ern et al., 2013b]. Regardless of the coarser

horizontal sampling of SABER and the limitation to vertical wavelengths longer than 4–5 km, we again find

remarkable agreement between the SABER and HIRDLS momentum fluxes, both in the relative distribution

and in the magnitudes.

In Figures 3c and 3d the total gravity wave drag derived from vertical gradients of the total (absolute)

momentum fluxes is shown for SABER and HIRDLS, respectively. We find enhanced values of gravity wave

drag always during periods of strong QBO wind shear (both eastward and westward). Maximum values are

about 0.3m/s/d for the eastward to westward QBO wind reversals, and about 0.4m/s/d for the westward

to eastward wind reversals. The somewhat higher values during the westward to eastward wind reversals

are qualitatively in good agreement with the fact that the eastward wind shear usually is stronger than the

westward wind shear. HIRDLS and SABER values of maximum drag are comparable, but HIRDLS drag val-

ues are somewhat weaker. Overall, the HIRDLS gravity wave drag distribution is less noisy and less smeared

out than the SABER distribution. One possible reason might be the better altitude resolution of HIRDLS that

allows it to detect gravity waves even close to their dissipation altitudes where they attain very short ver-

tical wavelengths, which then produces sharper maxima of gravity wave drag. Further, owing to the much

denser sampling, HIRDLS has a much better statistics (more observations) which may help to reduce noise.

This noise may arise from both the instrument and the strongly intermittent nature of gravity wave activity.

Apart from these minor differences, the overall agreement between SABER and HIRDLS is remarkably good.

For a better comparison with the ERA-Interim missing drag (see section 2.3), absolute values of ERA-Interim

missing drag have been calculated from the 7 day average values of the different ERA-Interim momentum

budget terms latitude by latitude. Then these missing drag values were averaged over the latitude band

10◦S–10◦N and smoothed vertically by a 5 km running mean. The result is shown in Figure 3e. In this way

we account for the fact that SABER and HIRDLS drag are only total (absolute) drag and that for SABER and

HIRDLS an analysis with a 5 km vertical window was used. Please note that by first taking the absolute val-

ues of the ERA-Interim missing drag and averaging afterward over the different latitudes, somewhat higher

values are obtained as would be the case if simply taking the absolute value of the missing drag shown in

Figure 1f. This is the case because some cancellation of positive and negative ERA-Interim missing drag at

different latitudes is avoided, which might be more realistic when comparing to the observed total drag

values from HIRDLS and SABER.

There is a remarkable overall agreement between the gravity wave drag distributions derived from satel-

lite observations (Figures 3c and 3d) and the absolute ERA-Interim missing drag (Figure 3e), even in many

details. For example, it is found in all three data sets that gravity wave drag obviously acts more continuously

during the QBO westward to eastward wind reversals. During QBO eastward to westward wind reversals,

however, gravity wave drag occurs more in a series of bursts. This is also reflected in the more stepwise

descent of the zero wind lines in altitude during QBO westward wind shear.

There are also some important differences between observed gravity wave drag and ERA-Interim missing

drag. For example, there is a shift in altitude between the patterns of observed and ERA-Interim missing

drag. Maxima of ERA-Interim drag are found usually at altitudes about 1 km above the observed drag, in

particular during QBO eastward wind shear. One possible reason for this effect could be uncertainties in the

different momentum budget terms in ERA-Interim. These uncertainties would also affect the missing drag,

which relies on the accuracy of all the other momentum budget terms. Another reason could be observa-

tional filter effects of the satellite instruments. Due to the vertical field of view of the instruments, HIRDLS

cannot detect gravity waves with vertical wavelengths shorter than 2 km, and SABER can only detect grav-

ity waves with vertical wavelengths longer than 4–5 km. When gravity waves are close to their dissipation

altitude, their vertical wavelength can be very short and therefore are no longer detectable for HIRDLS and

SABER. This effect shifts the observed momentum flux vertical gradients and the resulting gravity wave drag

toward lower altitudes. In Figures 4 and 5 a vertical shift of 1 km is assumed (see sections 3.3.1 and 3.3.2).
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The altitudes of HIRDLS and SABER peak gravity wave drag match the altitudes of peak ERA-Interim zonal

wind tendencies �u∕�t (see Figure 1b) somewhat better than the altitudes of peak ERA-Interim missing drag

(Figure 3e). However, in QBO model simulations, peak values of gravity wave drag are often located about

1 km above the peak values of �u∕�t, in particular during eastward wind shear (see, for example, Giorgetta et

al. [2006, Figure 10] and Evan et al. [2012, Figure 10]). This is in good qualitative agreement with the altitude

shift between peak values of �u∕�t and the missing drag in ERA-Interim. Therefore, limitations in the obser-

vational filters of the HIRDLS and SABER instruments are the more likely reason for the small altitude shift

between observed gravity wave drag and ERA-Interim missing drag.

Another difference between HIRDLS and SABER drag and the absolute missing drag in ERA-Interim are

details in the gravity wave drag absolute values. ERA-Interim peak values during QBO eastward wind shear

are about 0.4m/s/d, i.e., similar to the peak values of the HIRDLS and SABER drag. During QBO westward

wind shear, however, ERA-Interim peak values are about 0.6m/s/d, i.e., higher than during QBO eastward

wind shear. This is in contrast to the HIRDLS and SABER peak drag during QBO westward wind shear, which

is only about 0.3m/s/d, i.e., weaker than during QBO eastward wind shear.

Of course, the spectrum of gravity waves contributing to the QBO westward wind shear could be different

from the spectrum during eastward wind shear, so that HIRDLS and SABER might observe only a smaller

fraction of the gravity wave drag during QBO westward wind shear. Another explanation could be uncer-

tainties in the ERA-Interim momentum budget. The westward drag in ERA-Interim is mainly due to the

contribution of the vertical advection term in equation (3) (see also Figure 1d). Therefore, this could indicate

either that the vertical velocity w
∗
might be too strong in ERA-Interim or that the wave drag of westward

propagating planetary waves is underestimated.

It is also remarkable that the part of the gravity wave spectrum that is observed by HIRDLS and SABER alone

can explain much of the missing drag in ERA-Interim, particularly during QBO eastward wind shear. This

could be a hint that the short horizontal wavelength part of the gravity wave spectrum that is not visible

for HIRDLS and SABER (�h <100 km) does not contribute much. This could happen if the gravity waves with

�h <100 km generally have phase speeds >40m/s at their source level, or if they dissipate mainly at higher

altitudes. Other possibilities could be uncertainties in the HIRDLS and SABER gravity wave drag (see also

section 2.2), or the missing drag in ERA-Interim might be underestimated for some reason.

These findings show the importance in investigating the gravity wave spectrum at horizontal wavelengths

�h <100 km in more detail. This problem has already been recognized before when simulated spectra

of convectively generated gravity waves were compared to observations [e.g., Choi et al., 2012]. Further,

the resolved waves and the vertical velocity w
∗
in ERA-Interim should be validated by comparison to

observations. This is, however, beyond the scope of our current study.

3.3. Gravity Wave Contribution to the QBO: A More Quantitative Approach
3.3.1. Time Series at 30 km Altitude

To allow a more quantitative comparison between the observed HIRDLS and SABER gravity wave drag and

the ERA-Interimmissing drag, we now investigate the time series at 30 km altitude, about the center altitude

of the QBO in the tropics. Again, all shown parameters represent zonal averages of 6-hourly data, averaged

over 7 days and the latitude band 10◦S–10◦N. The time step of the data series is 3 days. Figure 4a shows the

zonal wind from ERA-Interim in m/s at 30 km altitude. Times of zero zonal wind at 30 km are indicated as

brown vertical lines in all panels of Figure 4. Periods of strong westward (eastward) wind shear are marked

by gray (orange) shading.

In Figure 4b the different terms of the ERA-Interim momentum budget are compared. Shown are the zonal

wind tendency �u∕�t (black curve), the sum of meridional and vertical advection terms (blue curve), the

drag due to resolved planetary waves with zonal wave numbers 1–20 (green curve), and the missing drag

that is attributed to gravity waves (red curve). The sum of black and blue curves is equal to the sum of the

green and red curves. For better display, the curves in Figure 4b were smoothed by a nine-point running

mean (i.e., 27 days). Beneath the QBO-related variations that have already been discussed in section 2.3.2,

there are several important findings: The different tendency terms are often of the same size, showing that

the momentum budget of the QBO is very complicated. The drag of planetary waves always explains part of

�u∕�t and is occasionally very strong during QBO eastward wind shear. It is also evident that the advection

terms play a very important role. During westward wind shear they have the same direction as �u∕�t and

can be very strong even if �u∕�t itself is very weak. These strong values are balanced by very high values of
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Figure 4. Zonal momentum balance for the QBO at 30 km altitude for the time period 2002–2012. All parameters are

averages over the latitude band 10◦S–10◦N. (a) Zonal average zonal wind from ERA-Interim in m/s. (b) ERA-Interim

momentum budget with the contributions (black) �u∕�t, (blue) sum of vertical and meridional advection terms, (green)

resolved waves with zonal wave numbers 1–20 (planetary waves), and (red) missing drag attributed to gravity waves.

(c) Comparison of the absolute ERA-Interim missing drag at 30 km altitude averaged vertically over 5 km (red curve)

and the observed gravity wave drag at 29 km from HIRDLS (light blue) and SABER (black). Periods of strong westward

(eastward) wind shear are indicated by gray (orange) shading. Times when the zonal wind at 30 km is 0 are marked by

brown vertical lines. The curves in Figure 4b are smoothed by a nine-point running mean (corresponding to 27 days) for

better display.

missing drag, often exceeding �u∕�t. During QBO eastward wind shear, the advection terms partly counter-

act �u∕�t (see also Figure 1). Together with the planetary wave drag this leads to values of missing drag that

usually are somewhat lower than �u∕�t.

The red curve in Figure 4c shows absolute values of the missing drag in ERA-Interim, additionally smoothed

vertically by a 5 km running mean (see also section 3.2), to allow a better comparison with the HIRDLS

(light blue curve) and SABER (black curve) total observed gravity wave drag. To account for the vertical

shift in the drag patterns that was discussed before, we compare the absolute ERA-Interim missing drag

at 30 km altitude with the HIRDLS and SABER gravity wave drag from 29 km. There is very good agree-

ment between SABER and HIRDLS, and also the temporal variations of absolute ERA-Interim missing drag

and observed drag correspond very well. During QBO eastward wind shear, even absolute values are in

good agreement. Only during QBO westward wind shear, the ERA-Interim missing drag is often consid-

erably stronger. Because HIRDLS and SABER only observe part of the gravity wave spectrum, we expect

the observed drag to be weaker than the ERA-Interim missing drag for both eastward and westward

QBO wind shear. Since this is not the case, this imbalance between observations and ERA-Interim missing

drag might hint at uncertainties in the advection terms of the momentum budget: the advection terms

are very strong during westward wind shear (even though �u∕�t itself may be weak), and they partly

counteract the wind tendency during QBO eastward wind shear. It is also remarkable that the noise-like

short-term variability (intermittency) of ERA-Interim missing drag is stronger than for the HIRDLS gravity

wave drag. This short-term variability on time scales shorter than 1month is also present in the single terms

of the ERA-Interim momentum budget but does not show in Figure 4b because the curves in Figure 4b

were smoothed.
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3.3.2. Average Altitude Profiles

In Figure 5 we investigate the vertical variation of the different QBO momentum budget terms, averaged

separately for QBO eastward and westward wind shear over all available periods of zonal wind weaker

than 5m/s at 28 km altitude. Please note that the time coverage is different for the three data sets used

(SABER and ERA-Interim about 11 years, and HIRDLS about 3 years). The 28 km altitude level was selected for

comparison with Figure 10 in Giorgetta et al. [2006].

For the case of QBO eastward zonal wind shear at 28 km altitude, Figure 5a shows altitude profiles of the

ERA-Interim QBO zonal wind (black dashed curve), the zonal wind tendency �u∕�t (black curve), the sum of

meridional and vertical advection terms (blue curve), the drag due to resolved planetary waves with zonal

wave numbers 1–20 (green curve), and the missing drag that is attributed to gravity waves (red curve). Both

�u∕�t and the planetary wave drag peak somewhat below the zero wind altitude of 28 km. Different from

this, the drag due to the advection terms peaks somewhat above the zero wind altitude. Close to the zero

wind altitude, the missing drag is dominated by the advection terms and therefore also the missing drag

peaks above the zero wind altitude (see also section 2.3.2). During westward wind shear (Figure 5c) the sit-

uation is very similar. Only the vertical extent of the drag maxima is larger (about 10 km instead of about

5 km) because the wind shear also extends over a larger altitude range. It should, however, be mentioned

that the details of this comparison strongly depend on the choice of the zero wind altitude. For example,

for other choices of zero wind altitudes there is not so close agreement between �u∕�t and planetary wave

drag or between advective and missing drag.

Figures 5b and 5d show comparisons between HIRDLS and SABER total gravity wave drag (light blue and

black curves, respectively) and the ERA-Interim absolute missing drag (red curve) and zonal wave num-

ber 1–20 planetary wave absolute drag (green curve), both smoothed vertically by a 5 km running mean

(see also section 2.3.2). SABER and HIRDLS total drag are shifted by 1 km toward higher altitudes for better

comparison (see also section 3.3.1).

During QBO eastward wind shear, qualitatively good agreement between HIRDLS and SABER total drag and

ERA-Interim absolute missing drag is found: there is a maximum centered at about the zero wind altitude,

a minimum at about 35 km, and an increase of drag at higher altitudes. The planetary wave drag shows

a similar behavior. However, in the lower stratosphere planetary wave drag is weaker, and at higher alti-

tudes somewhat stronger. There are also some differences between absolute ERA-Interim missing drag

and HIRDLS and SABER gravity wave drag. For example, in the lower stratosphere HIRDLS drag is stronger

than the ERA-Interim missing drag. This is even more the case for lower zero wind altitudes, which is also

indicated in Figure 3 (see section 3.2). Another difference is that the minimum at 35 km altitude is some-

what deeper in HIRDLS and SABER gravity wave drag than in the ERA-Interim absolute missing drag. At this

altitude the missing drag shown in Figure 5a is very low (<0.1m/s/d), while the absolute missing drag in

Figure 5b is somewhat stronger (about 0.2m/s/d). This effect is even more pronounced for westward QBO

wind shear (Figures 5c and 5d) and also found for the ERA-Interim planetary wave drag. A possible expla-

nation is the cancellation of positive and negative drag values at different latitudes, resulting in lower net

drag in Figures 5a and 5c. Whether these cancellation effects are realistic cannot be decided easily, and

an investigation of meridional variations in the different zonal momentum terms is beyond the scope of

our current study. Apart from this difference, during QBO westward wind shear (Figure 5d), the agreement

between HIRDLS and SABER gravity wave drag and ERA-Interim absolute missing drag is very good in the

lower stratosphere. However, it should again be noted that there are considerable differences in details,

depending on the choice of the zero wind altitude.

In the following, we compare Figure 5 to results obtained in recent model simulations of the QBO, for exam-

ple, the simulations by Giorgetta et al. [2006], Evan et al. [2012], or Kawatani et al. [2010]. Qualitatively, all

these studies are in good agreement with our results. However, there are also important differences in

details of the different forcing terms.

For example, in the study by Giorgetta et al. [2006] the value of peak gravity wave drag during QBO eastward

wind shear is only 0.2m/s/d, lower than their peak drag due to resolved waves (about 0.3m/s/d). Different

from this, in our study both observed gravity wave drag and the missing drag in ERA-Interim can reach val-

ues as high as 0.4m/s/d. Also, the drag due to resolved waves in ERA-Interim is somewhat higher (about

0.4m/s/d). During QBO westward wind shear, peak gravity wave drag values in Giorgetta et al. [2006] are
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(a) (b)

(c) (d)

Figure 5. Altitude profiles of the different QBO momentum budget terms during (a and b) eastward wind shear as well

as (c and d) westward wind shear at 28 km altitude. All values are averages over 10◦S–10◦N and over all available time

periods of about zero wind at 28 km altitude. Figure 5a shows for QBO eastward wind shear at 28 km the zonal average

zonal wind from ERA-Interim in m/s (black dashed, scale at upper x axis), as well as the following ERA-Interim momen-

tum budget terms in m/s/d (scale at lower x axis): (black) �u∕�t, (blue) sum of vertical and meridional advection terms,

(green) resolved waves with zonal wave numbers 1–20 (planetary waves), and (red) missing drag attributed to gravity

waves. Figure 5b shows comparison of the ERA-Interim missing drag absolute values (red curve) and planetary wave

drag absolute values (green curve), both averaged vertically over 5 km, and the observed gravity wave drag from HIRDLS

(light blue) and SABER (black), both shifted upward in altitude by 1 km. Figures 5c and 5d show the same as Figures 5a

and 5b, respectively, but for QBO westward wind shear at 28 km.

around 0.4m/s/d, i.e., between the peak drag in HIRDLS and SABER observations of about 0.3m/s/d and

peak values of around 0.6m/s/d in ERA-Interim missing drag.

In the study by Evan et al. [2012] during QBO eastward wind shear, peak values of gravity wave drag are

about 0.4m/s/d, comparable to our values. During westward wind shear, however, peak values are weaker

(about 0.2m/s/d), i.e., lower than our values and the ones in Giorgetta et al. [2006]. In Evan et al. [2012] most

gravity wave drag arises from waves with horizontal scales ≥1000 km. As they state in their study, the con-

tribution of small-scale and high-frequency gravity waves is likely underestimated. This is supported by

the gravity wave spectra shown in our Figure B1 (see Appendix B): the difference in HIRDLS momentum

fluxes between upper and lower levels has its peak at horizontal wavelengths �h <1000 km. Further, in the

study by Evan et al. [2012] only 50% of the gravity wave drag is due to waves with vertical wavelengths

�z1. <10 km, while in our study the gravity wave spectra in Figure B1 indicate that the main reduction of

momentum fluxes is at vertical wavelengths �z <10 km.
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Figure 6. HIRDLS gravity wave momentum flux occurrence

probability distribution at 20 km altitude in the latitude band

10◦S–10◦N during (a) QBO westward wind (November 2005)

and (b) QBO eastward wind (November 2006). The red curves

represent lognormal distributions with the same mean and

standard deviation as the HIRDLS momentum fluxes.

In the study by Kawatani et al. [2010] at the

pressure level 15 hPa (about 30 km altitude)

peak values of gravity wave drag are as strong

as 0.4m/s/d, while global-scale waves with

zonal wave numbers 1–11 have only weak

drag of around 0.1m/s/d at maximum. Also,

the tendency terms due to the residual circu-

lation are relatively weak, having peak values

of only around 0.2m/s/d. This means that the

gravity wave drag in Kawatani et al. [2010] is

comparable to our observed drag and the miss-

ing drag in ERA-Interim. Both the tendency

terms due to the residual circulation and the

drag due to global-scale waves are, however,

somewhat weaker. Please note that in Kawatani

et al. [2010] the peak values of gravity wave

drag occur always later than the peak values

in �u∕�t, which corresponds to the fact that

the peaks of our ERA-Interim missing drag and

of gravity wave drag in Giorgetta et al. [2006]

and Evan et al. [2012] are at somewhat higher

altitudes than the peak values in �u∕�t.

The comparison with these three studies shows

that even if there is general agreement in the

relative variations of the different forcing terms

of the QBO momentum budget, there are still

considerable uncertainties regarding their rela-

tive strength, as well as the spectrum of waves

that contribute.

3.4. Intermittency of Observed Momentum Fluxes in the Tropics

Many parameterizations of gravity waves in GCMs and CCMs rely on uniform (constant) gravity wave source

distributions. However, observations show that momentum fluxes of gravity waves in the real atmosphere

are strongly intermittent (a mixture of strong and weak events) [e.g., Hertzog et al., 2008, 2012]. Recently,

it has been found that in GCMs/CCMs the generation of the QBO can be significantly improved by use of

stochastic gravity wave source parameterizations [e.g., Lott et al., 2012]. Therefore, observations of gravity

wave intermittency in the tropics are important for comparison with those stochastic schemes in order to

improve their parameter settings.

Since we are particularly interested in the intermittency of gravity waves close to their sources, we will inves-

tigate the intermittency of observed momentum fluxes at altitudes as low as possible. Further, we are mainly

interested in the intermittency of the part of the wave spectrum that drives the QBO. Therefore, we again

use the momentum fluxes obtained from high-pass filtered HIRDLS data containing only �z <12 km. The

momentum fluxes should also not be affected by wind filtering of gravity waves during QBO wind reversals.

We therefore focus on the months November 2005 and November 2006 and an altitude of 20 km. In this way

we cover phases of both QBO westward (November 2005) and QBO eastward wind (November 2006). As

before, we consider the latitude band 10◦S–10◦N.

The occurrence probability distribution of the observed absolute momentum fluxes is shown in Figure 6

for November 2005 (Figure 6a) and November 2006 (Figure 6b). The red curves represent lognormal distri-

butions with the same mean and standard deviation as the observed momentum fluxes in the respective

month [see also Hertzog et al., 2012]. Different from the findings by Hertzog et al. [2012] for high southern

latitudes during September and October 2005, in the tropics the observed momentum fluxes follow the

lognormal distribution only for small and medium but not for the highest observed momentum fluxes. This

means that the gravity wave sources in the tropics are less intermittent than in the southern polar vortex
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where a large part of the momentum fluxes is from very intermittent mountain waves. (As a cross-check we

have also reproduced the probability distributions in Hertzog et al. [2012] and find good agreement.)

Still, there is considerable intermittency of gravity waves in the tropics. In November 2005 (Figure 6a) only

10% of the momentum flux values are higher than 3.34mPa, the 90th percentile value of the probability

distribution. Nevertheless, these few values contribute as much as 36% to the average observed momentum

flux of 1.43mPa. The 99th percentile is 7.24mPa, and momentum fluxes higher than this contribute as much

as 7% to the total momentum flux. In November 2006 (Figure 6b) the total momentum flux is somewhat

lower (about 1.15mPa), but the intermittency of the observed waves is almost the same. Momentum fluxes

exceeding the 90th percentile (99th percentile) contribute as much as 37% (7%) to the total momentum

flux. These 90th percentile values in the tropics are qualitatively in good agreement with those of a recent

study byWright et al. [2013]. Our findings indicate that intermittency of gravity waves in the tropics could

indeed play an important role, and simulations of the QBO in CCMs and GCMs might benefit from including

this process.

4. Summary andDiscussion

In our study we have used temperature observations of the satellite instruments High Resolution Dynamics

Limb Sounder (HIRDLS) and Sounding of the Atmosphere using Broadband Emission Radiometry (SABER)

to investigate the interaction of the global distribution of gravity waves (averaged over the latitude band

10◦S–10◦N) with the quasi-biennial oscillation (QBO) of the zonal wind in the tropics. Temperature fluctua-

tions due to gravity waves have been determined by removing the contribution of global-scale waves from

the observed temperature altitude profiles, following the procedure described in Ern et al. [2011, 2013b].

Beneath quasi-biennial variations that have been reported before [e.g., Randel and Wu, 2005; de la Torre

et al., 2006; Krebsbach and Preusse, 2007], our observed HIRDLS and SABER gravity wave variances also

show a pronounced quasi-annual variation. Because gravity waves interact with the QBO during both east-

ward and westward wind shear, this additional quasi-annual variation is also what would be expected from

theoretical considerations.

We have derived total (absolute) gravity wave momentum fluxes from HIRDLS and SABER residual tempera-

tures using the method by Ern et al. [2004, 2011]. Gravity wave momentum flux spectra determined for both

QBO eastward and westward wind shear show that during the QBO wind reversals the main change in the

observed momentum fluxes is at vertical wavelengths <10 km. Therefore, we applied a vertical wave num-

ber high-pass filter to the residual temperatures and focused on the spectrum of gravity waves with vertical

wavelengths <12 km. In this way the vertical resolution of the derived momentum fluxes could be improved

from 10 to 5 km, which is required to resolve the narrow zonal wind bands of the QBO. For wave-driven

wind reversals the regions of strong wind shear propagate downward with time. Because the dissipation

and filtering of waves is closely connected with these shear zones, this downward propagation results in

characteristic sawtooth-like (triangular) variations in altitude-time cross sections of momentum flux distri-

butions [see also Ern and Preusse, 2009a; Ern et al., 2013b]. Similar behavior was also found in our study for

QBO-related variations of gravity wave momentum fluxes. The main reduction of gravity wave momentum

flux was found for intrinsic phase speeds <30m/s. This indicates that critical level filtering should be the

main QBO-related dissipation process of gravity waves

Values of HIRDLS and SABER total (absolute) gravity wave drag have been derived from vertical gradients of

the observed momentum fluxes. In altitude-time cross sections the observed gravity wave drag closely fol-

lows the QBO zonal wind shear seen in the ERA-Interim reanalysis of the European Centre for Medium-Range

Weather Forecasts (ECMWF). We have also derived the missing drag in the tropical momentum budget of

ERA-Interim. This missing drag can be attributed to the contribution of gravity waves in the momentum

budget. The ERA-Interim missing drag is considerably stronger than the drag due to planetary waves during

QBO westward wind shear and still somewhat stronger during eastward wind shear. This is qualitatively in

good agreement with previous considerations that gravity waves are more important for the driving of the

QBO than planetary waves [e.g., Dunkerton, 1997; Ern and Preusse, 2009a, 2009b]. The relative importance of

gravity waves and planetary waves in driving the QBO is, however, likely altitude dependent.

The observed gravity wave drag was also compared to absolute values of the ERA-Interim missing drag.

Very good agreement is found in the relative variations. A minor shift in altitude between observed peak

gravity wave drag and ERA-Interim missing drag can be explained by the observational filter of the HIRDLS
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and SABER instruments. During QBO eastward wind shear, there is even good agreement between the peak

values of observed HIRDLS and SABER gravity wave drag on the one hand and absolute ERA-Interim miss-

ing drag on the other hand (about 0.4m/s/d). This agreement is better than expected because HIRDLS and

SABER are only sensitive to gravity waves with horizontal wavelengths longer than 100-200 km, and also

gravity waves with shorter horizontal wavelengths should contribute to the driving of the QBO. During west-

ward wind shear, however, peak values of absolute ERA-Interim missing drag can be as strong as 0.6m/s/d,

i.e., almost twice the observed HIRDLS and SABER drag.

In the ERA-Interim momentum budget the zonal wind tendency �u∕�t, as well as the drag due to planetary

waves, is presumably better constrained by assimilated data than the residual circulations that enter the

advection terms in ERA-Interim. Therefore, the fact that the observational data fit well to the ERA-Interim

missing drag for the QBO eastward wind reversals, but not so well for the westward wind reversals, might

hint at uncertainties in the ERA-Interim advection terms. For example, advection terms can be quite strong,

even if the zonal wind tendency itself is very weak. In particular during westward wind shear, strong peaks

of the advection terms have to be compensated by missing (gravity wave) drag that is much stronger than

in the observations. During eastward wind reversals the advection terms partly counteract the wind ten-

dency, maybe resulting in too weak missing drag in ERA-Interim and therefore a too close match with the

magnitude of the observed drag.

Also, a comparison with recent QBO model simulations shows that even though there is qualitatively good

agreement in the relative variations of the different terms of the tropical momentum budget, there is still

no fully consistent picture of the driving of the QBO. In particular, the role of short horizontal wavelength

(<100 km) gravity waves is still an open issue. If these waves contribute significantly to the driving of the

QBO, gravity waves would be even more important in the QBO momentum budget than already indicated

by the part of the gravity wave spectrum visible for instruments like HIRDLS and SABER. Further, there

seems to be still some uncertainty in the horizontal and vertical advection terms of the momentum bud-

get. This is not only the case for QBO model simulations but also for reanalysis data sets: in the lower and

middle stratosphere, the vertical velocity w
∗
varies strongly between different reanalysis data sets [e.g.,

Seviour et al., 2012].

Another open issue is the intermittency of gravity waves: the distribution of gravity waves in the real atmo-

sphere is a mixture of strong and weak events and not uniform like the source distributions of many gravity

wave parameterizations used in GCMs and CCMs. There are indications that simulations of the QBO could

significantly benefit from including this effect [Lott et al., 2012]. Therefore, we have also investigated the

intermittency of gravity wave momentum fluxes in the tropics. We found that in the tropics the distribution

of gravity waves is not as intermittent as, for example, in the southern polar vortex [e.g., Hertzog et al., 2012].

Still, the intermittency in the tropics is quite strong. For example, during both QBO eastward and west-

ward wind phases the 10% strongest gravity wave events contribute more than 35% to the total observed

momentum fluxes at 20 km altitude.

Even though there are some limitations in the observed HIRDLS and SABER gravity wave data sets (large

errors and limited spectral coverage), the derived gravity wave variances, total (absolute) momentum fluxes,

and drag give a very consistent picture of the gravity wave contribution to the zonal momentum budget

in the tropics. In particular, by comparing our observations to ERA-Interim and model simulations, it is indi-

cated that the horizontal and vertical advection terms are likely one of the main uncertainties in the tropical

momentum budget. This shows that there is still a considerable lack of understanding about details of the

forcing of the QBO. Our results can therefore be some guidance for future model studies that are needed for

a more realistic representation of the QBO in GCMs/CCMs.

Appendix A:MEM/HAResults for Single Altitude Profiles

To illustrate the capabilities of the MEM/HA method introduced by Preusse et al. [2002], Figure A1 shows

several HIRDLS altitude profiles for both QBO eastward wind shear (Figures A1a, A1c, and A1e) and

QBO westward wind shear (Figures A1b, A1d, and A1f) at 30 km altitude. In Figures A1a, A1c, and A1e

(Figures A1b, A1d, and A1f) the QBO zonal wind is directed westward (eastward) below 30 km altitude.

Directly above 30 km, winds are opposite, and at 30 km altitude the zonal wind is about 0. Altitude profiles

in Figures A1a, A1c, and A1e are from October 2005 and October 2007, and altitude profiles in Figures A1b,
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Figure A1. Several examples of HIRDLS temperature altitude profiles and temperature perturbations (ΔT) due to gravity waves with vertical wavelengths

�z<12 km are displayed, as well as the gravity wave vertical wavelengths and temperature amplitudes resulting from the MEM/HA method for the dominant wave

at each altitude. (a, c, and e) QBO eastward zonal wind shear at 30 km altitude. (b, d, and f ) QBO westward zonal wind shear at 30 km altitude.

A1d, and A1f are from July and August 2006. All altitude profiles are from the latitude band 5◦S–5◦N. In

each of Figures A1a–A1f the dark blue curves show the original HIRDLS temperature profiles. The teal curve

in each of Figures A1a–A1f shows the temperature perturbations due to gravity waves with vertical wave-

lengths �z <12 km, and the red and the bright blue curves show altitude profiles of vertical wavelengths and

gravity wave amplitudes obtained from these temperature perturbations using the MEM/HA method with a

5 km vertical window. In all cases displayed in Figure A1 upward propagating gravity waves dissipate in the

altitude region around 30 km, likely due to critical level filtering. While approaching their dissipation altitude

both their amplitude and their vertical wavelength are more and more reduced. This is well captured in the

MEM/HA amplitudes and vertical wavelengths, which both minimize at the dissipation altitude.

It should be mentioned that in the altitude profiles shown in Figure A1 different wave packets are seen in

different altitude ranges. While one wave packet obviously dissipates at around 30 km altitude, other wave

packets, likely due to different waves, are seen at higher altitudes.

This finding is as expected, and there are several mechanisms that can lead to these observed features.

First, as seen in Figure A1, one wave packet can dissipate when it approaches a critical level. Above this crit-

ical level (in the changed background winds) other waves will find improved propagation conditions, and

accordingly their amplitude can grow substantially. This could be the case in Figure A1 above 30 km altitude.

There are, however, also other processes that will lead to the formation of wave packets. For example, gravity

wave sources are very intermittent and usually do not act continuously over longer time periods. Therefore,
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gravity waves are excited as wave packets of limited vertical extent that propagate upward with the vertical

group velocity cgz . For medium-frequency gravity waves we obtain

|cgz| =
N

2�

�2
z

�h
(A1)

[cf. Fritts and Alexander, 2003, equations (32) and (34)]. Assuming, for example, typical values of �z = 8 km

and �h = 800 km for vertical and horizontal wavelength, typical group velocities for gravity waves observ-

able from limb-viewing satellite instruments are of the order of about 1 km/h. As a consequence, it cannot

be expected that the same wave is seen in the whole altitude range of an altitude profile. Another process

that could lead to wave packet-like structures in observed altitude profiles could be nonvertical propagation

of gravity waves. These effects are also frequently seen in radiosonde observations and have been discussed

in detail, for example, by Sato et al. [2003]. This also shows that to investigate the driving of the QBO by

gravity waves, it is required to average over a large number of single observations, which is possible for the

satellite data sets presented in our study.

Overall, the vertical structure of temperature perturbations in an observed altitude profile can be very com-

plicated. The results presented in Figure A1, however, show that the MEM/HA method provides reliable

values of gravity wave amplitudes and vertical wavelengths over the whole altitude range.

Appendix B: GravityWaveMomentumFlux Spectra

In section 3.1 the assumption was made that only gravity waves with vertical wavelengths <12 km should

contribute to the QBO. In order to check whether this assumption holds, we now calculate gravity wave

momentum flux spectra directly below and directly above QBO wind reversals to find out which part of the

spectrum is affected the most by the wind reversal. Like in Ern and Preusse [2012], we use HIRDLS data for the

estimation of the spectra, because HIRDLS data offer a better statistics than SABER to sample the spectral

domain of horizontal and vertical wave numbers. Further, the HIRDLS horizontal sampling step is about

90 km, corresponding to a shortest resolved along-track wavelength of 180 km. Given the visibility limits of

a limb sounder, aliasing effects therefore should be small. In addition, HIRDLS is sensitive to shorter vertical

wavelengths than SABER (as short as about 2 km).

To cover a vertical wavelength range as large as possible, the estimation of gravity wave spectra is carried

out for a momentum flux analysis based on 10 km vertical windows. This analysis covers vertical wave-

lengths �z <25 km (see also Ern et al. [2011]). The use of such large vertical windows, however, strongly

constrains the altitudes and time periods when the estimation of spectra makes sense: we have to find

time periods when the two QBO wind bands, one above and the other below the zero zonal wind line, are

larger in their vertical extent than the 10 km needed for our analysis. Further, we are limited to the altitude

range 20–40 km where the QBO is situated. Therefore, the zero zonal wind line should be located at around

30 km altitude.

Still, it is possible to approximately match all these criteria for QBO wind reversals in both directions. For the

case of QBO eastward wind shear at 30 km we calculate gravity wave momentum flux spectra averaged over

the months October 2005 and October 2007, and for QBO westward wind shear spectra are calculated for

the period July/August 2006.

The results are shown in Figure B1. Figures B1a, B1b, and B1c (Figures B1d, B1e, and B1f) are for the west-

ward to eastward (eastward to westward) QBO wind reversal. Figures B1a and B1d show the momentum flux

spectra representing the altitude interval 20–30 km (i.e., below the wind reversal), and Figures B1b and B1e

show the spectra for the altitude interval 30–40 km (i.e., above the wind reversal). Figures B1c and B1f show

the difference of the spectra below and above the wind reversal. The spectral bins used in our analysis are

the same as in Ern and Preusse [2012]: we use overlapping square bins with a full width of 0.2 in units of the

logarithmic axes in Figure B1 (for both x and y directions). The step width of the rectangular grid used is 0.1

in both directions.

By comparing the spectra below and above the wind reversal, we find for both cases (QBO eastward and

westward wind shear) that in the spectra in Figures B1b and B1e (above the wind reversal) the momen-

tum flux is strongly reduced at vertical wavelengths �z<10 km (i.e., particularly at intrinsic phase speeds
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Figure B1. HIRDLS gravity wave momentum flux spectra for periods when the QBO zero wind line is at about 30 km altitude: (a) spectrum for 20–30 km altitude

(i.e., below the QBO westward to eastward wind reversal), (b) spectrum for 30–40 km altitude (i.e., above the wind reversal), (c) the difference Figure B1a minus

Figure B1b. Please note that in Figures B1a and B1b a logarithmic momentum flux color scale is used, but in Figure B1c a linear momentum flux color scale is

used. (d–f ) Same as Figures B1a–B1c but for QBO eastward to westward wind reversal. The dotted lines in Figures B1c and B1f are the lines of zero momentum

flux difference.

ĉ <30m/s). This is also found in the differences between lower and upper level spectra (Figures B1c and B1f),

and indicated by values in the green and red color range of the linear momentum flux color scale. Please

note that the step width of the 2-D grid used for Figure B1 is 0.1, and the momentum flux differences are

already quite low in Figures B1c and B1f at log10(m∕2�) = −1.1 (in units of log10(1/km)), corresponding to

a vertical wavelength of �z =12.6 km. The color shading between −1.0 and −1.1 is just an interpolation of

the graphics software. This means that there is only little change in the momentum fluxes at vertical wave-

lengths >10 km: for HIRDLS (SABER), less than 10% (20%) of the momentum flux difference between lower

and upper level is at vertical wavelengths >10 km. These findings support our theoretical considerations in

section 3.1: the main driving of the QBO by gravity waves can be estimated from the dissipation of gravity

waves with vertical wavelengths shorter than about 12 km. The filtering of these shorter-scale waves is also

consistent with the assumption that critical level filtering is the main driver of the QBO.

The small error arising from the 12 km vertical wavelength cutoff can be neglected if compared to other

known error sources. In particular, it has been found by Gong et al. [2012] that in the tropics QBO-related
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variations of gravity wave variances seen by the Atmospheric Infrared Sounder (AIRS) instrument are much

weaker than seasonal variations. Therefore, it has been concluded by Gong et al. [2012] that the gravity

waves visible for the AIRS instrument (only vertical wavelengths >12 km) contribute only little to the forc-

ing of the QBO, which is another indication that the limitation of our study to vertical wavelengths <12 km

will not introduce large errors. Of course, due to their observational filter, HIRDLS and SABER are not sensi-

tive to gravity waves with horizontal wavelengths shorter than about 100–200 km [see also Ern et al., 2005].

Therefore, the part of the QBO driving that is due to these short horizontal wavelength gravity waves is

not covered by our study. Possibly, gravity waves with short horizontal wavelengths (<100 km) do not con-

tribute much to the driving of the QBO because they might dissipate at higher altitudes. Nevertheless, our

values of momentum fluxes and gravity wave drag will likely be lower limits of the gravity wave contribution

to the QBO driving.
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