
Manuscript prepared for J. Name
with version 5.0 of the LATEX class copernicus.cls.
Date: 2 September 2014

Characteristics of gravity waves resolved by ECMWF

P. Preusse1, M. Ern1, P. Bechtold2, Q. T. Trinh1, S. D. Eckermann3, S. Kalisch1,
and M. Riese1
1Institute of Energy and Climate Research (IEK-7: Stratosphere) Forschungszentrum Jülich, J̈ulich,
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Abstract. Global model data from the European Centre for Medium-RangeWeather Forecasts

(ECMWF) are analyzed for resolved gravity waves (GWs). Based on fitted 3-D wave vectors of

individual waves and using the ECMWF global scale backgroundfields, backward ray-tracing from

25km altitude is performed. Different sources such as orography, convection and winter storms

are identified. It is found that due to oblique propagation waves spread widely from narrow source5

regions. Gravity waves which originate from regions of strong convection are frequently excited

around the tropopause and have in the ECMWF model low phase andgroup velocities as well as

very long horizontal wavelengths compared to other models and to measurements. While the to-

tal amount of momentum flux for convective GWs changes little over season, GWs generated by

storms and mountain waves show large day-to-day variability, which has a strong influence also10

on total hemispheric fluxes: from one day to the next the totalhemispheric flux may increase by

a factor of 3. Implications of these results for using the ECMWF model in predicting, analyzing

and interpreting global GW distributions as well as implications for seamless climate prediction are

discussed.

1 Introduction15

Despite the importance of gravity waves (GWs) for many atmospheric phenomena such as the quasi-

biennial oscillation (Dunkerton, 1997; Ern and Preusse, 2009; Alexander and Ortland, 2010; Ern

et al., 2014), the summer-time branch of the Brewer–Dobson circulation (Alexander and Rosenlof,

2003), the predicted acceleration of the winter-time branch of the Brewer–Dobson circulation due

to global warming (McLandress and Shepherd, 2009; Butchartet al., 2010), as well as for the whole20

mesospheric dynamics, our knowledge on GWs is limited. This is mainly due to the fact that the
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effects of GWs are global, but that GWs are of small and meso scales, and that even smaller scales are

involved in their forcing, propagation and dissipation. Inparticular, for studying the interaction of

GWs with the global circulation, general circulation models(GCMs) are required, in which GWs are

not well represented (for overviews on GWs, their measurement and their implementation in global25

models see, for instance, Fritts and Alexander (2003); Kim et al. (2003); Alexander et al. (2010) and

Geller et al. (2013)). There are two lines which can be followed for improving this situation: by

enhanced understanding we may explicitly improve our representation of GWs in global models, or

by enhanced resolution we may implicitly describe GWs correctly also on the global scale.

Chemistry climate models (CCMs), for instance, do not resolve GWs because of the missing spa-30

tial resolution of these models and the momentum transfer ofGWs is therefore taken into account

by submodels called GW parameterizations. This treatment in submodels is a major source of un-

certainty and lack of realism for CCMs, evident by the designof the parameterizations: gravity

waves excited by orography (mountain waves) are treated by adedicated orographic parameteriza-

tion (e.g., McFarlane, 1987; Lott and Miller, 1997). In mostGCMs, GWs from all other sources35

are commonly treated in a second parameterization, which therefore is called non-orographic pa-

rameterization. The major difference between the two parameterizations is that the first considers

zero ground-based phase speed GWs and the latter primarily waves with ground-based phase speeds

distinct from zero. Non-orographic parameterization schemes assume a universal source spectrum

of GWs. The spectrum is either completely homogeneous or depends only on latitude and is inde-40

pendent of longitude and time (season) (Hines, 1997; Warnerand McIntyre, 1999; Medvedev and

Klaassen, 2000; McLandress and Scinocca, 2005). Even the source altitude of the non-orographic

parameterization schemes is uncertain; while some models assume sources above the tropopause

(Becker and Schmitz, 2003; Senf and Achatz, 2011), most chemistry climate models use a launch

height in the middle troposphere since wind filtering of the GW spectrum in the upper troposphere45

and lower stratosphere (UTLS) yields best agreement of the modeled GWs with global observations

(Ern et al., 2006) and yields the best match of the middle atmosphere wind fields with climatologies

(Manzini and McFarlane, 1998; Orr et al., 2010). Unphysicalnon-orographic schemes are unsatis-

factory as GWs have localized sources causing longitudinal and temporal variations. In particular,

the feedback of GW sources to climate change is, in these schemes, not represented.50

In replacing the standard non-orographic schemes in CCMs byphysical sources, progress is made

for GWs excited by convection (e.g., Beres et al., 2005; Song and Chun, 2008; Richter et al., 2010).

An overview of GWs from jets and fronts is given by Plougonven and Zhang (2014). Several pro-

cesses are involved in the generation of GWs by jets and fronts. First, convection associated with the

fronts is an important mechanism of GW generation (e.g. Fovell et al., 1992). This may be covered55

by the convective parameterizations. Second, GWs may be generated by a cross-front circulation

and resulting isentrope oscillations (e.g. Griffiths and Reeder, 1996; Reeder and Griffiths, 1996)

motivating Charron and Manzini (2002) to launch GWs from fronts in the cross-frontal direction.
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Third, GWs are generated in jet-exit regions which develop inbaroclinic life cycles, as has been

shown by O’Sullivan and Dunkerton (1995) and many follow-upstudies (e.g. Plougonven et al.,60

2003; Zuelicke and Peters, 2006). Due to spontaneous adjustment (formerly called geostrophic ad-

justment) in consequence of baroclinic instability waves are emitted in the upper level jet. The wave

vectors of these waves point roughly in the direction of the wind at the source location though differ-

ent directions may occur at the edge of the jet (O’Sullivan and Dunkerton, 1995). Furthermore, there

can be a positive feedback between the waves and diabatic heating by precipitation as suggested by65

Uccellini and Koch (1987). Parameterizations for the latter processes are still at a very early stage

and not yet applicable in GCMs.

However, even for processes where source-based parameterizations are available, these param-

eterizations present new uncertainties: models may now contain more realism, but also a larger

number of tunable parameters. For instance, there is increasing evidence (Ern et al., 2004; Wu and70

Eckermann, 2008; Hendricks et al., 2014; Plougonven and Zhang, 2014) that high GW momentum

flux (GWMF) at winter high latitudes is generated to a large degree by spontaneous adjustment and

jet instability. However, this source is missing from the sources taken into account by the CCM

simulations of Richter et al. (2010) and still the global distributions are realistic. This indicates that

a different source in the model erroneously exerts the drag which in reality is exerted by the GWs75

generated by spontaneous adjustment.

A further simplification of all current GW parameterizations, except for the experimental setup

of Song et al. (2007), is to assume that GWs propagate instantaneously and only inside the vertical

column. This simplification is made despite evidence that oblique propagation influences the distri-

bution of GWMF and drag on the global scale (Jiang et al., 2004b; Watanabe, 2008; Preusse et al.,80

2009a; Sato et al., 2009; Choi et al., 2009; Ern et al., 2011, 2013; Kalisch et al., 2014) because this

implementation allows for effective parallelization of the GCM code.

Despite first attempts to replace the unphysical non-orographic sources by physics-based source

parameterizations, clearly there is still much work to do. First, the current set of physics-based

sources is likely to be incomplete. Second, the theoreticalformulation of these sources is simpli-85

fied and needs validation, and third, these formulations have free, tunable parameters. For instance,

the relative importance and dominant horizontal wavelengths of different sources are still poorly

constrained and largely unknown. Attempts to include ray-tracing GW parameterizations lead to nu-

merically expensive models. At the same time computers are becoming more powerful and spatial

resolution is permanently increasing. This leads to the question: do we need to develop parameter-90

izations further or will in future highly-parallelized high resolution models solve all the problems

implicitly?

In a new concept of seamless prediction it is envisaged to develop climate models based on

weather forecast models or, more precisely, numerical weather prediction (NWP) models. Weather

forecasting requires high spatial resolution. Parameterizations for some still non-resolved processes95
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such as precipitation are developed by larger teams than available for middle atmosphere models

and validated in the use of weather forecasts. One of the mostadvanced NWP systems is developed

and operated at the European Centre for Medium-Range Weather Forecasts (ECMWF). The spatial

resolution of the ECMWF general circulation model in 2008 wasT799, L91 corresponding to a spa-

tial sampling of 25km and has increased since (at the time of writing the actual version is Cy40r1,100

which was implemented in November 2013 and has a resolution of T1279, L137). This resolution

should be sufficient to resolve a larger part of the GW spectrum. Being thus a precursor for a GW

resolving global GCM we can ask the following questions: what are the various sources for GWs in

the middle atmosphere in the ECMWF model? What can we learn about their relative importance

and variability? And do GWs in ECMWF data have realistic properties?105

Despite the fact that a large part of the GW spectrum is resolved in the model, the ECMWF model

needs to rely on a GW parameterization for a realistic representation of the middle atmosphere (Orr

et al., 2010). This differs from some general circulation models (GCMs) with a comparable horizon-

tal resolution which produce a tropical oscillation similar to the Quasi-Biennial Oscillation (QBO)

and even realistic global wind and temperature patterns in the mesosphere without any parameter-110

ized GW drag (Hamilton et al., 1999; Watanabe, 2008; Kawatani et al., 2010). These differences

show that also GWs resolved in models need validation, as is shown by Geller et al. (2013).

The question to which degree GWs are represented realistically in ECMWF data is important

as well for other applications. In addition to weather forecasts, analyses of ECMWF are used as

input for many scientific studies. In this way gravity waves resolved by the ECMWF model could115

influence also cloud formation and chemistry in trajectory studies or chemistry transport models.

For ECMWF data a number of studies comparing resolved GWs with measurements and other

models exist. Gravity wave structures above a typhoon are investigated by Kim et al. (2009). They

compare ECMWF data with the results of a mesoscale model and observations: the ECMWF model

estimates too long wavelengths and underestimates the amplitudes, but in general observed and120

modeled structures are similar. Mountain waves are investigated in a case study for the Norwegian

Alps (Eckermann et al., 2006) and ECMWF model data show broadly realistic features with respect

to nadir-viewing satellite observations.

Many papers discuss GWs from jets and fronts. For instance, Moldovan et al. (2002) and

Plougonven and Teitelbaum (2003) investigate radiosonde measurements from the Fronts and At-125

lantic Storm-Track EXperiment (FASTEX; Joly et al., 1997).They find wave structures similar to

those observed by radiosondes also in the ECMWF temperature and horizontal wind divergence

fields. Hertzog et al. (2001) interpret lidar measurements of a GW by backward ray-tracing. They

conclude that spontaneous adjustment close to tropopause altitudes is the most likely source. This

is caused by baroclinic activity, as in the case studies by O’Sullivan and Dunkerton (1995). In the130

likely source region they also find GW signatures in horizontal wind divergence fields from ECMWF.

Tateno and Sato (2008) investigate the source of two waves observed by the Shigaraki radar, also by
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ray-tracing. They found indication for GW excitation by spontaneous imbalance in the jet southward

of the observation site and comparable waves in the ECMWF fields.

Variations of GW potential energy during the 2009 stratospheric sudden warming are investigated135

by Yamashita et al. (2010) on the basis of ECMWF global fields. In order to assess the realism

of these variations the ECMWF data are compared to several-year climatologies of GW potential

energy inferred from lidar data at Rothera and at the South Pole. In addition, GW potential energies

from GPS radio occultations for the latitude range 65◦N to 70◦N are compared in a 30-day time

series. In both cases the magnitude and temporal variationsagree very well. However, the temporal140

removal of the background is based on a shorter integration time for the lidar, and for the GPS data

the observational filter (Preusse et al., 2002; Lange and Jacobi, 2003) is not taken into account. This

means that, if potential energy from ECMWF were inferred in the same way as in the observations,

ECMWF would be lower and, as a consequence, this may indicate too low GW potential energy in

ECMWF.145

Shutts and Vosper (2011) find good correspondence between global distributions of GWMF from

ECMWF and from HIRDLS observations (Alexander et al., 2008).Since Alexander et al. (2008) also

does not correct for observational filter effects, this alsois indication for some underestimation of the

GWMF resolved by the ECMWF model (for a detailed discussion of observational filter effects for

GWMF from infrared limb sounding see Ern et al. (2004)). Furthermore, Shutts and Vosper (2011)150

note an underestimation of GWMF at low latitudes where convection is the most important source.

In a systematic survey Schroeder et al. (2009) compares GW signatures in ECMWF data with GW

amplitudes from the infrared limb sounder SABER (Sounding of the Atmosphere Using Broadband

Emission Radiometry). The results indicate that amplitudes are generally too low in ECMWF data.

Very good temporal and spatial correlations between the SABER observations and ECMWF model155

data are found for prominent mountain wave regions such as Tierra del Fuego and the Norwegian

Alps, but only moderate correlations are found for regions where previous studies indicate promi-

nent convective excitation of GWs, for instance for the Gulf of Mexico or for the region of the Asian

monsoon (Preusse et al., 2001; Jiang et al., 2004b; Wright andGille, 2011; Ern et al., 2011). Large

values of the correlation coefficient are caused by strong, temporally corresponding variations in160

the time series of measurements and model. These strong variations are observed over orographic

source regions (Eckermann and Preusse, 1999; Jiang et al., 2002; Schroeder et al., 2009; Plougonven

et al., 2013). Individual convective sources are also highly intermittent, but averaged over specific

convective source regions such as the Asian monsoon, convection and convective GWs are active in

the Northern Hemisphere for the whole period July to September with only small variations. The165

moderate correlation values for convective source regionsin Schroeder et al. (2009) may therefore

be simply due to the fact that variations are too small and infrequent. They could also be, how-

ever, indication of a shortcoming in the ECMWF model. Furtherevidence is needed to answer this

question.
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A global GW resolving model such as the ECMWF model always contains GWs from many dif-170

ferent sources. However, scientific understanding is basedon the understanding of the individual

source processes. Also the importance of still-missing resolution or of other parameterizations for

the excitation of GWs depends on the source process. Therefore we have the following major aims

in this paper: (1) Identify the various source processes from a global distribution, (2) estimate the

relative importance of different sources for the total GWMF,and (3) assess whether the waves from175

these sources are realistic. The first step is the basis of theother two, of course, and in the lack

of better means it is frequently performed by spatial co-location of tropospheric sources and strato-

spheric wave events. This, however, can be very misleading,as shown in this study. A better method

is therefore required and we use single-wave identificationand backward ray-tracing.

Our work is based on a study in support of a proposed infrared limb-imaging satellite instrument180

(ILI) (Riese et al., 2005; Preusse et al., 2009b), which would be capable of measuring 3-D distri-

butions of temperatures at a sufficient spatial resolution to resolve GWs. The study was designed

to assess the accuracy of the GWMF which can be inferred from such data, and to demonstrate the

scientific advance promised by the novel measurements. Since the analysis fully characterizes GWs

resolved by the ECMWF model in terms of amplitudes, momentum flux and the 3-D wave vector, it185

provides an ideal data base for our current studies of ECMWF GWsources based on back-tracing

single waves. Sampling the model by the ILI measuring tracksdoes not affect the generality of the

results.

In this paper we will use backward ray-tracing to identify the main sources for the GW distribution

in the lower stratosphere. We will show examples for mid and high latitudes as well as for GWs in190

the tropics. In Sect. 2 we will describe the ECMWF data, the method to identify and quantify GWs

in these data and how this can be used to identify the sources by backtracing. In Sect. 3 we will

first apply these methods globally to sample data from a single day, 29 January 2008, and investigate

various sources such as orography and convection from the global distribution. We then focus on

tropical GWs (Sect. 4) and first introduce concepts developedin previous work (Sect. 4.1). We195

show the relation between GWs and convection and discuss the excitation altitude (Sect. 4.2), and

determine the spectral properties which are compared to other models and measurements (Sect. 4.3).

Sources at higher latitudes are discussed in Sect. 5. Current-day observations have insufficient data

density and precision (considering GWMF) to investigate short term variations of e.g. hemispheric

total fluxes. Here ECMWF data can give valuable insight (Sect.6). Finally, we summarize the results200

and discuss their meaning for using ECMWF data in GW research and for approaches of seamless

weather prediction.
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2 Data, analysis and ray-tracing

In this paper five periods, each of seven days length, are presented: the data are for January, April,

July, August and September 2008, respectively. Selection criteria were (a) to create data representa-205

tive of both solstices, i.e. Northern Hemisphere summer andwinter, as well as equinox conditions,

and (b) high mountain wave activity in the polar vortices forthe respective winter cases.

2.1 ECMWF data

We consider temperature forecast data from the ECMWF model (Persson and Grazzini, 2005) with

a resolution of T799 L91. Due to data assimilation, the modelrepresents well the global and synoptic210

state of the real atmosphere. Mesoscale dynamics such as GWs are generated by the GCM in a self-

consistent manner. The presence of GWs in the data therefore depends on two conditions. First, the

model must contain the processes which excite GWs, such as flowover orography, convection or

flow instability. Second, the model must have sufficient resolution to allow the generated waves to

persist and propagate.215

The spectral resolution of the ECMWF-GCM would allow to resolve GWs with horizontal wave-

lengths as short as 50km, but in order to gain numerical stability, the shortest scales are damped

by hyper-diffusion. We here apply the method of Skamarock (2004) in order to estimate the ef-

fective resolution of the ECMWF data. For this, we calculate power spectra of temperatures along

latitude circles. Figure 1 shows in red the average of all spectra over the period 28 January 2008220

to 3 February 2008 and latitudes between 40◦ N and 60◦ N. The individual spectra were calculated

by means of a one-dimensional Fourier-transform for a fixed latitude and time. The ECMWF data

we use are on a grid of constant longitude spacing. We neglectthe resulting variation of the hori-

zontal sampling distance with latitude for the averages anduse the wavelength values corresponding

to a latitude of 50◦ N. The purple line indicates a slope of−5/3. According to turbulence theory,225

dynamical variables such as horizontal winds and temperatures should obey a scaling law with an

exponent between−2 and−5/3 in the dependence on intrinsic frequency or horizontal wavenum-

ber. This is corroborated by observational data (e.g., Bacmeister et al., 1996; Eidmann et al., 2001;

Hertzog et al., 2002). The ECMWF data show this behavior for horizontal wavelengths longer than

about 220km (corresponding to 0.028km−1, green line). At horizontal wavelengths shorter than230

∼ 220 km a steep decrease is observed. Since we expect the scaling lawto hold for even much

shorter scales in nature, this indicates the artificial decrease due to strong dissipation in the model,

which uses a semi-Lagrangian advection scheme. It should befurther noted that waves shorter

than 100km have vanishing amplitudes. Corresponding investigationsfor high latitude (60◦ to 80◦)

and the tropics (equatorward of 20◦) indicate that waves with wavelengths longer than 180km and235

300km, respectively, are properly resolved by the GCM.
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2.2 Data analysis

Figure 2 illustrates the various steps of processing applied to the data. In order to isolate GWs,

a global-scale background consisting of the zonal mean and planetary scale waves with zonal

wavenumbers 1–6 (Ern et al., 2011) is subtracted by means of aFourier transform. Resulting tem-240

perature residuals (panel a) for 12:00 GMT of the respectiveday are sampled to the observation

locations of the ILI (panel c): between 82.7◦ S and 82.7◦ N data will be taken on 15 orbits per day

with a sampling of 50km along-track, 30km across-track in 12 tracks and 700m in the vertical

from 5 to 50km.1 These interpolated data shown in panel c therefore adequately sample the shortest

waves present in ECMWF data. Sinusoidal fits (Lehmann et al., 2012) are performed in sub volumes245

of 350km× 360km× 10km along-track× across-track× vertical. New fits are performed every

150km (every third point) along-track. The resulting temperature amplitudes and wave vectors are

allocated to the cube center. The method is capable of characterizing also waves with horizontal and

vertical wavelengths larger than the fit volume. The vertical flux of horizontal pseudomomentum

(in short gravity wave momentum flux; GWMF) is calculated fromwave vector and temperature250

amplitude (Ern et al., 2004) via

(Fpx,Fpy) =
1

2
ρ
(k, l)

m

( g

N

)2

(

T̂

T̄

)2

(1)

where(Fpx,Fpy) is the horizontal vector of the vertical flux of GW pseudomomentum, (k, l,m)

defines the wave vector,̂T is the wave amplitude,̄T is the background temperature,g is Earth’s255

acceleration andN is the buoyancy frequency. It is shown by Lehmann et al. (2012) that fitting

two sinusoids in small volumes represents well both total GWMF as well as spectral distribution of

GWMF in a given region compared to Fourier analysis of the sameregion.

Gravity wave momentum flux values for the cube centers on the ILI tracks are shown in Fig. 2d.

Note that maxima of GWMF are strongly localized and that GWMF varies over more than three260

orders of magnitude, globally. Maximum GWMF is observed for the southern tip of Greenland and

over Norway.

Vertical winds at full model resolution are shown in Fig. 2b.Vertical winds emphasize GWs

with short periods and short horizontal wavelengths which carry largest GWMF. Accordingly, no

background is subtracted for Fig. 2b. Comparing the different panels, we find that large GWMF in265

Fig. 2d is indicated for the same location where Fig. 2b showslarge vertical winds and that for these

locations large amplitude, short horizontal wavelength structures are found in the temperature maps

in Fig. 2a and c.

The precision of the individual fits is estimated by statistically comparing GWMF calculated from

temperatures with GWMF based on model winds. For the latter, the wave vector was fitted based on270

1Please note that we only sample to a different grid and do not perform a full instrument simulation. Therefore, the

sampled data still retain the characteristics of ECMWF data and do not contain additional noise and are not affected by an

observational filter.
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the vertical winds, the amplitude is fitted for all three windcomponents individually. By correlation

analysis we find very good correlation (usually better than 0.9 for 4000 points at each day), a scatter

of 10 % to 15 % width and a general low-bias of temperature-based GWMF in the order of 25 %.

A precision of 15 % or better for the individual values is compatible with the study of Lehmann et al.

(2012) using WRF model data, the bias seems to be a feature innate to the ECMWF model. An275

example showing a common correlation for 34 test days and 25 km altitude is shown in appendix A.

The good correspondence between GWMF from temperature and winds also confirms that the ma-

jority of analyzed mesoscale events obey the polarization relation of GWs and that therefore the

implicit assumption that the majority of these structures are due to GWs is correct.

The finite-volume three-dimensional sinusoidal fits (S3D) determine the properties of monochro-280

matic waves, and in this study we focus on the most prominent wave structure in each investigated

3-D volume. Since we determine the 3-D wave vector and the amplitude and associate these wave

parameters with the centers of the fitting cubes, the waves are fully characterized. This allows us

to backtrace the waves to potential source locations using the Gravity Wave Regional or Global

Ray Tracer (GROGRAT; Marks and Eckermann, 1995). The GROGRAT ray-tracer is based on the285

dispersion relation for GWs

ω̂2 =
(k2 + l2)N2 + f2

(

m2 + 1

4H2

)

k2 + l2 +m2 + 1

4H2

(2)

whereω̂ denotes the intrinsic frequency as seen by an observer moving with the background wind,

andH gives the density scale height. From the dispersion relation the intrinsic group velocity is cal-290

culated by partial derivatives, e.g.ĉg,x = ∂ω̂/∂k. Since a wave packet propagates in the direction of

its group velocity, this allows to determine the new location of this wave packet after a chosen time

step. According to the ray-tracing equations (Lighthill, 1978) new horizontal and vertical wavenum-

bers(k, l,m) for the new position are calculated from the gradients of thebackground wind fields.

This process is iterated until the wave either hits a boundary or becomes non-propagating, e.g. due295

to reaching a critical level. Stepping backward in time instead of forward, a ray can be backtraced.

Ray-tracing calculates the refraction of waves due to vertical and horizontal gradients in the back-

ground wind fields and the buoyancy frequency. Background wind fields for ray-tracing should

contain all synoptic-scale structures, but not finer scale GWs, since otherwise the ray (which is

a point-representation of a finite-extent wave packet) would react to the local gradients caused by300

the same GWs we are investigating. Therefore, and for reasonsof computational cost, background

wind fields of reduced resolution were obtained from ECMWF. These were interpolated on a grid

of 2.5◦ latitude, 3.75◦ longitude and∼ 2.5 km altitude for use in GROGRAT. We also neglect tem-

poral changes of the wind fields and use snap-shots for the time when the wave is identified in the

stratosphere along the whole wave trajectory.305

The end-point of a backward ray is not necessarily the sourceof the GW. Waves are traced back

until they either approach a critical level, the ground is reached, or the rays leave the lateral boundary

9



at either 85◦ S or 85◦ N. While the latter condition is technical, the first two conditions are physical.

For instance, a critical level means that at this altitude the ground-based phase speed of a wave equals

the wind velocity, in which case the vertical wavelength of the wave vanishes according to Eq. (2).310

The source of the wave hence cannot be below the critical level, because the wave would dissipate

in propagating upward, but it also cannot be exactly at the critical level, because there the wave has

vanishing amplitude (the saturation amplitude is proportional to the vertical wavelength). Therefore

the wave is generated by a source process above the critical level and located somewhere along the

trajectory. If backtraced to the ground, the source can be atthe ground, e.g. for waves caused by315

flow over orography, but for instance for convective waves wewould expect the source inside the

convective cloud and above ground. In principle, the wave source therefore can be at any altitude

above the lowest traceable altitude (LTA), but not below theend-point of the ray2.

Unfortunately, backtracing does not provide us with a unique solution for the wave amplitude at

LTA level. In general, wave action conservation predicts that GW amplitudes grow when the waves320

are propagating upward into less dense air. However, if the wave reaches its saturation amplitude,

it partly dissipates and stalls growing in amplitude. For these waves it is impossible to infer which

amplitude they would have at source level. In the discussionbelow, we therefore consider the mo-

mentum flux at the “observation” altitude of 25km.

3 Results for 29 January 2008325

In Sect. 2 we introduced a method to screen a data set systematically for potential sources. In this

section we apply this method to the example of a single day, 29January 2008. By the example

of this single day we investigate which information can be taken immediately from the pattern of

backtraced potential ray origins.

Global backtracing data from one day are presented for the example of 29 January 2008,330

12:00 GMT in Fig. 3. The dark-gray traces in panels a and b showthe ILI “measurement” tracks

from where the ray-traces are launched at 25km. For each analysis result from the finite-volume

three-dimensional sinusoidal fits (S3D) a ray is initialized. In this way backtraces are launched ev-

ery 150km along the track. The waves likely originate from or close to the locations where the rays

terminate and which therefore are called in brief wave origins below. They are indicated by dots335

in Fig. 3. In Fig. 3a the color of the dots indicates the altitude of the ray-termination (LTA). Since

we are performing backward ray-tracing, the time elapsed between launch at the measurement and

ray-termination is negative. The elapsed time is shown in Fig. 3b. For waves of similar group ve-

locities one would expect that GWs of lower LTA need more time to propagate. However, checking

2It should be noted in this context that in nearly all cases where the rays are terminated above ground the reason is that the

traced GWs approach a critical level from above. In this case the vertical wavelength of a GW becomes small and a supposed

vertical wave packet assumes a small vertical extent compatible with a well defined altitude. This will become relevant in

particular in section 4.2 where we discuss GW excitation around the tropopause.
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the maps in detail one finds short times (red and green in panelb) frequently for waves from lower340

tropospheric sources (black and blue in panel a), while manywaves with high LTA have long prop-

agation times. Accordingly, propagation time in these mapsis mainly an indicator of vertical group

velocity. Fast waves, which propagate only a short time between source and observation altitude,

are represented by red, slow waves which require up to two days and more are shown in blue and

black. The diameter of the dots is proportional to the base-10 logarithm of the momentum flux of the345

individual GWs at 25km altitude, and the green dots in the lower right corner (same in all panels)

indicate 10, 1, 0.1 and 0.01 mPa, respectively.

Inferring GWMF values at equal distances along the track provides a statistical measure of the

GWMF per unit area for the analysis altitude of 25 km. This is independent of the fact that in this

way some wave events may be sampled by several analysis cubes. In the same way, the density350

of rays or ray origins in a certain region combined with the GWMF magnitude associated with the

individual rays provides a measure for the effectiveness ofsource regions with respect to the GWMF

at the analysis altitude.

The most prominent source regions on the globe are two clusters of wave origins at the southern tip

of Greenland and west of the Norwegian coast. The location ofthe wave origins around Greenland355

is compatible with excitation of GWs by flow over orography; the wave origins around Norway,

however, extend far into the ocean. In order to investigate the source of these waves more closely we

show horizontal winds in the lower troposphere at 850hPa in Fig. 4a. Colors indicate the absolute

wind velocity, the arrows the wind direction. Since Fig. 3b indicates that most waves offshore of

Norway require somewhat less than one day from LTA to observation altitude, winds are given for360

28 January, 18:00 GMT, that is 18 h prior to the stratosphericGWs. At this time a strong storm with

maximum wind velocities exceeding 30ms−1 is approaching the Norwegian coast. Some streaks

of high wind velocities connected with this storm are seen southward of the storm center, over the

Northern Sea and to the coast of Scotland. Figure 4b reproduces the wave origins and LTA from

Fig. 3 for this region. The wave origins are located along thelargest wind velocities in Fig. 4a.365

In addition, panel b shows the horizontal wind divergence∂u
∂x

+ ∂v
∂y

, which is frequently used as

a suitable indicator for GWs.

The strongest wave signatures in the divergence fields in Fig. 4b are waves in the lee of Greenland

and above the southern tip of Norway (the latter marked by a red ellipse, labeled 1). The most likely

source for these waves is flow over orography in these regions. These waves are clearly identified by370

the ray-tracer. Along the shore-line of northern Norway wave origins mark waves which seem to be

generated slightly upstream of the orography (marked by a red ellipse labeled 2). West of these two

ellipses, orography cannot be the source of the waves: less pronounced than the orographic waves

but much larger in area are wave signatures collocated with the maximum wind velocities. It should

be noted that the wave fronts of these waves are oriented south-west to north-east, i.e. they are at an375

angle (and not perpendicular) to the chiefly westerly winds.Due to this orientation and also given
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their long horizontal wavelengths they are expected to propagate far downstream. Testing this (not

shown), we find that waves from the storm spread downstream asfar as 60◦ in longitude and down

to the Ural mountains. In particular, the offshore storm is the source of the high GWMF values in

northern Norway, which by pure collocation would likely have been interpreted as mountain waves.380

Following Hertzog et al. (2001) we consider the wave parameters along the backward trajectory

of these largest events “observed” over northern Norway at 25 km altitude. In several parameters,

that is vertical wavelength, GWMF and WKB3 parameter (Marks and Eckermann, 1995) we find a

maximum in the altitude range 4-7 km. Also the wave attains a much slower vertical group velocity

below this altitude. Hertzog et al. (2001) interpret this asevidence that the “true” source of the wave385

is close to the altitude of this peak, i.e. in our case around 5km in the mid to upper troposphere.

Further evidence is that below 5 km the horizontal wavelength decreases and assumes a value of less

than 200 km at 4 km altitude and of only 100 km close to the ground. This is below the resolution

of the model, i.e. the wave could not have existed at altitudes below∼4 km and must be generated

above in the ECMWF model.390

The waves with ray origins over the open sea are clearly related to the approaching storm system

and hence related to excitation by jets and fronts as described by Plougonven and Zhang (2014) and

briefly mentioned in the introduction. The case is very similar to the one described by Hertzog et al.

(2001) and spontaneous adjustment is the most likely sourceprocess. Because the true source is at a

higher altitude also the location is not identical with the ray origins shown in Fig. 4b but closer to the395

Norwegian coast. In this region we find coherent wave crests.While this is clearly not a mountain

wave, the orography of the Norwegian alps may play an indirect role in the generation of the wave.

The generation of GWs by storms merits further consideration. In particular, implementing an

algorithm identifying automatically peaks in the ray-traced parameters, one may actually infer in a

systematical way the true source location instead of the location of the ray termination. This could400

also provide further valuable input to the investigation ofthe storm system. This, however, is beyond

the scope of this paper.

At low latitudes (40◦ S–40◦ N) Fig. 3 shows moderate GWMF, and GW backtraces form no ob-

vious source clusters. In the LTA, however, patterns can be recognized and the rays seem to cluster

in color rather than in location. In order to show this more clearly we have replotted Fig. 3a with405

a simplified color scale in Fig. 3c. Blue is indicating tropospheric, red UTLS and green stratospheric

LTA. Red dots are particularly frequent in the southern subtropics (20◦ S to 10◦ S), in a diagonal

stripe from 150◦ E, 20◦ S to Florida, and above the Maritime Continent (Indonesia and other tropical

islands between 90◦ E and 150◦ E). In the southern summer we expect the maximum of precipitation

around 10◦ S above the continents and above the Maritime Continent. This seems to indicate a con-410

3The standard theory of GWs is based on the assumption that the variation of the background field is small within one

wavelength and one wave period. This assumption is named afterWentzel, Kramers and Brillouin and called WKB assump-

tion. In GROGRAT this is quantified by a WKB parameter, which remains smaller than 1 where the assumption is valid. For

details see Marks and Eckermann (1995).
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nection between high LTA and convection. In order to pursue this further, we show wave origins for

only those waves with LTA between 12km and 18km together with precipitation for 27 January,

12:00 GMT, smoothed by a box-average of9× 9 points. We choose precipitation two days previ-

ously to the “observations”, since black to purple are the most frequent colors in the tropics in Fig. 3b

indicating a propagation time of around two days. We observea general spatial co-location between415

potential wave source locations in the UTLS and regions of enhanced convection. The purple dots

follow, for example, the arc-like structure of precipitation from 20◦ S above Africa, to the Equator

around Indonesia, and back to 10◦ S both west and east of the dateline. The purple dots are not

precisely at the location of strongest precipitation. Potential reasons will be discussed in Sect. 4.2.

This indicates that excitation of GWs frequently occurs at orin the vicinity of convection, but aloft,420

that is in the UTLS, and not in the altitudes of strongest updrafts in the troposphere. Gravity waves

with lower LTA, i.e. potentially lower source altitudes, have no obvious connection to convection.

4 Relation between convection and gravity waves

In the previous section we have seen for the example of a single day that tropical and subtropical

GWs are frequently excited in the UTLS region above convection. In addition, for GWs which can425

be backtraced to the ground, the ray-termination location is remote from any convection. In order

to comprehend why this is surprising, we first introduce convection as the main tropical mechanism

exciting GWs and briefly review the mechanisms proposed, by which convection may generate GWs

(Sect. 4.1). We then (Sect. 4.2) discuss the following questions: is the situation of 29 January 2008

typical? Is it possible to explain all low-latitude GWs by convective excitation? The spectral proper-430

ties of convectively generated GWs are investigated in Sect.4.3 and compared to results from other

models and from measurements. Finally we ask in Sect. 4.4 whyconvective GWs in ECMWF data

are not realistic.

4.1 An overview of forcing mechanisms

Two general concepts of GW excitation by convection are discussed. The first is called the moving435

mountain model (Pfister et al., 1993), because it is formulated in analogy to orographic GW excita-

tion: at tropopause altitudes frequently a vertical shear of the horizontal wind is observed. It is then

assumed that a convective system uplifts the tropopause, causing an obstacle to which the wind re-

acts by vertical displacement in the same way as for orography on the ground. A real mountain wave

has zero phase speed with respect to the ground, but a convective tower moves with the tropospheric440

wind and evolves and decays, implying a low ground-based phase speed.

The second model assumes resonant forcing due to latent heatrelease. In its original formulation

by Salby and Garcia (1987) two conditions are assumed for most effective forcing of waves: first that

a consistent wave pattern is formed throughout the entire troposphere, and, second that the height
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of the forcing region (almost ground to tropopause in the case of strong convection) equals half the445

vertical wavelength (or an odd-integer multiple). Based onthe dispersion relation in mid frequency

approximation (N2
≫ ω̂2

≫ f2)

ω̂2 =
k2N2

m2
⇔ ĉ2 =

N2

m2
⇔ ĉ2 =

N2λ2z
(2π)2

(3)

these assumptions govern the horizontal phase speed. For a typical tropopause height and tropo-450

spheric buoyancy frequency an intrinsic phase speed of∼ 30ms−1 is estimated for the maximum

of the excited GWMF distribution. Modern formulations (e.g., Beres et al., 2005; Song and Chun,

2008) are more sophisticated. Still, also in modern formulations a consistent forcing throughout the

troposphere is most effective in exciting GWs. Accordingly,the phase speed distribution of GWMF

takes its maximum in the range of 10–30ms−1, but even much faster waves contribute significantly.455

Such phase speed distributions match well observations (e.g., Preusse et al., 2001; Ern and Preusse,

2012).

Resonant forcing acts independently of the time scale and horizontal wavelength, which are

mainly controlled by the details of the forcing process. Depending on the forcing process horizontal

wavelengths range from a few kilometers (Lane et al., 2001; Lane and Sharman, 2006; Jewtoukoff460

et al., 2013) to several thousand kilometers and periods range from 20 min to approximately a day.

Gravity waves of horizontal wavelengths of 20 to 50km (e.g., Taylor and Hapgood, 1988; Dewan

et al., 1998) due to the the harmonic oscillator effect (Fovell et al., 1992) are too short to be resolved

by GCMs. Satellite data observe GWs of a few 100km horizontal wavelengths and a few hours pe-

riod. These are also investigated by mesoscale models and potentially are resolved by GCMs relying465

on resolved waves only (Hamilton et al., 1999; Watanabe, 2008; Kawatani et al., 2010).

Because a large number of numerical simulations showed waveexcitation by resonant forcing, it is

generally assumed that resonant forcing by convection is the main source of tropical GW activity. For

instance, when Beres et al. (2005) added a parameterizationfor resonant convective forcing of GWs

in their GCM simulations, they assumed that this would provide the main source for tropical GWs470

and accordingly removed the standard non-orographic scheme at low latitudes. The so-obtained

global wind and temperature fields support this approach. But if resonant convective forcing of

GWs is the chief source of convective GWs, we expect the backtraces to end in the troposphere. It

is therefore surprising that Fig. 3d indicates particularly good spatial collocation for GWs excited

above the troposphere in the UTLS. For those regions where Fig. 3d indicates enhanced precipitation475

there even seems to be a dominance of LTA at tropopause heightin Fig. 3c. This also is surprising,

if we assume resonant forcing to be the dominant convective excitation mechanism. In addition, we

may ask what the sources of low LTA values in regions without convection are.

On the other hand, it is clear that convective GWs in ECMWF data must be validated. The

ECMWF parameterization for convection is developed for NWP and therefore designed to produce480

the correct amount of rain. The fact that the way in which convection is parameterized may heavily
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influence the spectrum of tropical waves, and in particular GWs, was shown in previous studies

(Ricciardulli and Garcia, 2000; Kim et al., 2007). Therefore we are not even sure that GWs excited

by convection in the ECMWF model are generated by the same mechanisms as in nature (more

details will be given in Sect. 4.4). The convectively coupled large-scale waves in ECMWF data are485

realistic to a large degree (Bechtold et al., 2008; Ern et al., 2008; Jung et al., 2010). The question is

open for GWs. ECMWF data are not a controlled experiment in the sense that we can isolate single

processes or have control over individual parameters. In addition, we have only access to 6 hourly

data and selected parameters. Investigating certain processes in these data is therefore the same kind

of puzzle we would have from measurements. The first step is togain a more statistical view on490

the problem. We therefore consider the whole five-week data set of ECMWF data available in this

study.

4.2 Statistical approach to ECMWF data

In Fig. 3 we have seen particularly high LTA above precipitation. In order to gain a broader data

base, we consider the properties of GWs resolved by the ECMWF model for three one-week periods495

in Fig. 5. In the left column color indicates LTA. Values given are one-week averages in circular bins

of 800km radius. For the averages, LTA was weighted by the corresponding GWMF at 25km. The

edge length of the rectangles representing the individual bins is proportional to the integrated GWMF

in a certain bin; for values of 30 mPa or larger the length is equal to the grid spacing of 2◦ latitude

and 5◦ longitude and the map is completely filled. We have chosen integrated rather than average500

flux, since this takes also into account the number of rays in acertain bin, i.e. because it better

represents the total amount of stratospheric GWMF originating from a given region. On average

there are approximately 140 values in every bin, but this number strongly varies with location. The

right column shows precipitation accumulated above the same period, i.e. the sum of precipitation

during the respective week, again smoothed by a box average of 9× 9 points. In addition, in the505

right column contours show average LTA of 5km (purple), 7km (pink) and 11km (red). Taken into

account are only regions where integrated GWMF is larger than20 mPa. The contour lines hence

reproduce from the left column regions where the map is almost completely filled and which have

blue or green color.

At low latitudes, the LTA maps (Fig. 5a–c) indicate enhancedvalues for the summer subtropics,510

both in LTA value as well as in GWMF. These enhanced values correspond, in a loose way, to

regions of large precipitation in the right column. For instance, in January enhanced precipitation

above South America, Africa, the Maritime Continent and a strong center of convection around the

dateline correspond to LTA maxima (indicated by the pink lines on the right column and light-blue

and green color in the left column), convection west of Middle America, above the southern US515

(Florida, Gulf of Mexico), the Indian monsoon and, again, Indonesia correspond to LTA maxima in

Northern Hemisphere summer. However, the maxima in LTA appear, in general, at somewhat higher
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latitudes than the precipitation maxima. Enhanced LTA values at the west coast of Africa in panel c

have no direct correspondence in precipitation, and there are many rain areas which are not visible

in enhanced GWMF with high LTA.520

That a correspondence, albeit loose, exists, gives us a hintthat in the ECMWF model GWs are

excited in the UTLS above or in the vicinity of convection. Itdoes not provide us explanation for the

substantial momentum flux of GWs for which backtraces end a fardistance from any convection.

Is this is a different source? Also, if we assume that GWs are excited above convection, why is the

correspondence not closer? A tentative explanation for thelatter question is connected to oblique525

propagation of GWs: the source is unlikely to be precisely at the termination position, because the

rays are terminated when they reach a critical level where the amplitude vanishes. It is therefore

more likely that the true sources of the GWs resolved in the ECMWF data are located somewhere

along the ray above the LTA. Since typical ray-traces in the tropics have lengths of several thousand

kilometers, frequently 10 000km, (not shown), a slightly higher source altitude may correspond to530

a displacement of several degree e.g. in latitude. Therefore patterns get blurred or shifted: analyses

beyond simple collocation of maps are required for further insight.

In some GCM model studies, convective GW excitation serves as the only source of GWs in

the tropics (Beres et al., 2005; Richter et al., 2010). In thefollowing paragraphs we use this as

a working hypothesis also for the GWs resolved in the ECMWF data. As discussed above, the true535

source of a wave is somewhere along its backward trajectory.Following the trajectory backward

from the observation, we may assume that the first time this trajectory passes convection is the

location of the source. This cannot be visualized properly in maps, so Fig. 6 provides for GWs with

ray terminations between latitudes 40◦ S to 40◦ N a statistical view on this problem. Figure 6 shows

the relative distribution of GWMF as “observed” at 25km altitude dependent on potential source540

altitude. For all ray-traces with LTA in a respective altitude bin, the sum of GWMF normalized

to the total GWMF of all wave events, i.e. for all altitudes, isshown. The black curve is for all

wave events. About 35 % of the momentum flux stems from waves which can be traced down to the

ground, but an about equal amount is attributed to altitudesbetween 13km and 18km, i.e. from the

tropopause region. (Note that while 13km is a few kilometers below the tropical tropopause, the545

real source of the GWs is likely above LTA.) If we consider onlywaves where the ray is terminated

close to strong precipitation (dark blue), we see generallyfewer waves, but the distribution remains

largely unchanged. If we consider only the one-week period in January (not shown), a relative

enhancement in the UTLS is observed. The peak of the blue curve in the UTLS represents GWs

which cannot penetrate the UTLS, that means they are excitedin this region with very low ground-550

based phase speed by the ECMWF model. This behavior is expected for the moving mountain model

for a convective tower almost at rest.

However, we may assume that the convective tower is variablein time and moves with respect to

the wind. Then, according to the original design of the moving mountain model (Pfister et al., 1993),
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a convective tower excites in the UTLS GWs with ground-based phase speeds larger than the wind555

velocities at the altitude of strongest wind shear. If such GWs are traced back from an observation

at higher altitudes, they pass the true source region, but they can be traced even further downward,

since no critical level is encountered. We therefore consider the whole ray-path, interpolating both in

space and time, and replace the LTA with that altitude (CLTA)where the ray-path horizontal location

intersects precipitation larger4 than 0.5mmday−1. The resulting CLTA is shown in the light-blue560

curve. Almost all waves would now be excited in the UTLS. The total contribution of waves which

never have passed convection (shown in red), is very small. Based on the working hypothesis of

convection being the dominant source, we can explain almostall waves resolved in ECMWF data

by a convection-related source mechanism in the UTLS. This means we reach a consistent picture

using this working hypothesis.565

To further test the working hypothesis it is assumed that there is a second important source. The

consistent picture described above would be reached by merecoincidence in this case: most waves

in the tropics travel several thousand kilometers in the horizontal. Therefore it could appear almost

unavoidable that at some location they meet convection. We tested this by generating an artificial

distribution of precipitation. Both longitudeψ and latitudeφ were inverted (φ∗ =−φ, ψ∗ =−ψ;570

point reflection of the distribution through 0◦ lon, 0◦ lat). As a result, the peak of CLTA in the

UTLS decreased from 46 % to 39 % (not shown). This decrease in frequency indicates that the

long drawn trajectories very frequently, but not necessarily, meet convection and in turn that the

consistent picture of convective GW excitation in the UTLS is an indication, too, that this is the

dominant excitation process. Finally, one could imagine that the low threshold generates rather575

large, continuous areas of precipitation. In this case we hypothetically might identify at tropopause

height an intersection of the ray with the convection regionat its rim despite the fact that the GW

would be really generated at a lower altitude in the center ofthe convective system. However, the

vertical group velocity of these GWs in the ECMWF model is very small and the rays are therefore

very oblique. We have tested for this hypothesis and do not find indication for a major contribution580

of GWs from lower altitudes.

In the UTLS region at altitudes where Fig. 6 indicates many wave sources also the Richardson

number minimizes (calculated for this study, but not shown). This indicates that both wind shear

and the presence of convection are involved in the excitation of the GWs in the ECMWF model.

Are waves with similar properties than those seen in the ECMWFdata also observed in nature?585

Generation of GWs in strong wind shear near the tropopause in monsoon regions was observed by

Leena et al. (2010) analyzing GPS radiosonde data from Gadanki, India. From hodographs they

4This threshold is quite low. It was chosen for two reasons. First, this study is based on accumulated rain and can therefore

not distinguish between heavy but short precipitation and continuous drizzle. Second, given the horizontal wavelengths of the

GWs (c.f. Sect. 4.3) and uncertainties in the methods, ray-traces in the tropics cannot be expected to match on a O (100km)

scale. Each spot of heavy precipitation (> 15mmday−1) in Fig. 3 is surrounded by a larger area of lower values and the

lower threshold mimics a widening of the match-radius. Enhancing the threshold leads to a continuous decrease in matches.
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analyze the vertical propagation direction and find upward propagation in the stratosphere. In the

troposphere, during monsoon season the majority of GWs propagate downward while in all other

seasons there are about equal amounts of upward and downwardpropagating waves. Gravity wave590

excitation around the tropopause is also reported in earlier studies (e.g., Guest et al., 2000). This

indicates that processes like those discussed for the ECMWF model by Fig. 6 also occur in nature.

It should, however, be noted that because of the analysis technique the studies of Leena et al. (2010)

and Guest et al. (2000) focus on GWs with short vertical wavelengths and with relatively low intrinsic

frequencies. The observational evidence is therefore selective and does not represent the full range595

of GWs occurring in nature.

In summary, all evidence presented in this subsection is pointing to the fact that the majority of

tropical GWs in the ECMWF model are excited above the convection but not in the convection.

As discussed above, this is also the altitude of strongest wind shear where the Richardson number

minimizes. This indicates that both wind shear and convection underneath are required for the600

forcing of the low-latitude GWs in ECMWF, which have very long horizontal wavelengths and

comparably low frequencies. In situ observations provide evidence that such GWs also exist in

nature. However, whether they are representative for the low-latitude regions must be decided from

global observations.

4.3 Spectral properties of convective GWs605

In Sect. 4.2 evidence is presented that low-latitude GWs are excited by convection. There are a num-

ber of previous studies of convective GWs which can provide usa reference for the spectral distribu-

tions expected for convectively generated GWs. We here focuson two studies. Mesoscale modeling

of typhoon Ewiniar (Kim et al., 2009,Kim et al., 2012) has been evaluated with a Fourier transform

and with the same spectral method (S3D) used here for ECMWF data (Lehmann et al., 2012). By610

comparing the S3D results of the WRF model study (Lehmann et al., 2012) with S3D results of

ECMWF data we use the same method for both data sets excluding methodological biases from the

comparison. It should be noted that GWs in this study are emitted from the rain bands in the spiral

arms rather than from the typhoon core. Though the typhoon isstill an exceptional event, the spectral

distribution should be quite representative also of other areas of deep convection far more frequent615

than typhoons. For an observational ground truth we use global data from the High Resolution Dy-

namics Limb Sounder (HIRDLS) (Ern and Preusse, 2012) because they provide a statistical average

similar to ECMWF data.

The S3D analysis provides for a specific location only the twoleading spectral components. How-

ever, for a larger region the spectral distribution can be inferred from these individual wave events.620

By binning the single events according to phase velocity anddirection, distributions can be calcu-

lated which capture the main spectral features (Lehmann et al., 2012). Since the GW spectrum is

filtered by the background winds, we cannot determine the source spectrum from the GWs at 25km.
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However, we can at least determine the part of the spectrum which is relevant for the stratosphere.

We focus on the tropics and subtropics and consider latitudes of 40◦ S–40◦ N. In Fig. 7, GWMF at625

25km is plotted vs. phase velocity and direction at LTA, in the upper row for the January period, in

the lower row for a July period, i.e. for southern and northern summer conditions. We here use LTA

from the ray-tracer without considering the intersection with convection. The left column shows

events where backtraces end at the location of convective events, the right column all other cases.

In the end we assume that almost all of these waves originate from convection, but the separation630

allows to consider spectral differences for GWs which are directly related to convection and for the

remaining GW events.

Stratospheric low-latitude GWMF peaks in the summer subtropics (cf. Figures 2 and 5). There

we expect mean background winds to be easterly. Accordinglymaxima in the spectra in Fig. 7 are

found for eastward propagating GWs which in the stratosphereare Doppler shifted to higher intrinsic635

phase speeds, refracted to larger vertical wavelengths andhence can attain larger amplitudes (Lane

et al., 2001; Preusse et al., 2006). In addition, there is a poleward preference, i.e. the prevailing

meridional component of the direction is southward in January and northward in August. It should

be kept in mind that this is the shape of the spectrum as observed after filtering by the background

atmosphere and hence we cannot distinguish whether this poleward preference is already present in640

the source spectrum or whether it is a result of the propagation from the source to the observation

altitude. The general preference of poleward propagation is also visible in observations: Jiang et al.

(2004b) find in MLS observations a poleward shift with altitude of the convective maxima and also

Ern et al. (2011, 2013) find in zonal mean HIRDLS and SABER distributions that the subtropical

maximum is tilted poleward with altitude.645

In Figure 7, phase speeds are higher for the right column. This is not trivial to discern, since

integrated GWMF is generally higher in the right column. However, while peak values at low phase

speeds in panels a and b are 6 mPa and values around 10ms−1 phase speed are about 4–5 mPa

in both panels, there is a distinct arc of almost 5 mPa in panelc for phase speeds of∼ 20ms−1

whereas values in panel a are about 2 mPa. This supports the interpretation in Sect. 4.2 that a large650

number of GWs are excited above convection with non-zero ground-based phase speeds and that

for these waves the backtraces pass but do not end at convection. These events are forming the

majority of the events in the right column. However, both in the left and the right column the

ground-based phase speeds of the waves are low, peaking below 10ms−1 and most of the GWMF is

found below 20ms−1. This differs from e.g. the typhoon simulations of Kim et al.(2009) using the655

WRF model (Skamarock et al., 2005). These data were analyzed by Lehmann et al. (2012) with the

same technique as used here. Phase speed distributions of GWMF in the typhoon case peak around

20ms−1 and extend to higher phase speeds.

Unfortunately there are very few measurement techniques which can deduce the direction of GWs

and hence there are no global statistics of the ground-basedphase speed. However, horizontal wave-660
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lengths were estimated from HIRDLS data for convective source regions in the subtropics (Ern and

Preusse, 2012). In Fig. 8 the HIRDLS spectra for convective regions (left column) are compared

with spectra from ECMWF data (right column). For better orientation, gray coordinate lines indi-

cate 10km vertical wavelength and 1000km horizontal wavelength, respectively. For the satellite

data, only the wavelength along the satellite track can be deduced and due to sampling issues there665

will be also a certain amount of aliasing (Ern et al., 2004). In addition, the visibility filter of infrared

limb sounders decreases at short horizontal wavelength (Preusse et al., 2002). In order to illustrate

these points quantitatively, we apply an observational filter mimicking the HIRDLS observations to

the ECMWF data shown in Fig. 8e and present the results in Appendix B. Because of these effects

the spectra from HIRDLS are expected to underestimate GWMF, in particular at short horizontal670

wavelength and indicate too large GWMF for larger horizontalwavelengths, i.e. the spectrum will

be somewhat shifted toward lower horizontal wavenumbers. In contrast, for ECMWF data the true

horizontal wavelength of the resolved waves is estimated. However, in the left column the peak for

observed GWMF is at horizontal wavelength of a few 100km and the contribution of GWs longer

than 1000km is small. In contrast, the opposite is the case for ECMWF data:GWs resolved by the675

ECMWF model peak at more than 1000km horizontal wavelength and the contribution of wave-

lengths shorter than 1000km is small. Thus, tropical GWs in ECMWF data have a substantial high

bias in their horizontal scales of at least a factor of 3 compared to observations, potentially more.

It should be noted that very long horizontal wavelengths have been observed by satellite obser-

vations (Preusse, 2001) and radiosondes (Leena et al., 2010). Gravity waves of these scales exist680

in nature. However, the first example is a case study and the latter uses a selective technique. It is

therefore the shift of the GWMF spectrum towards longer horizontal wavelengths in a climatological

average which makes the ECMWF data non-realistic.

The spectra from HIRDLS are limited to vertical wavelengthsshorter than 25km (Ern and

Preusse, 2012). For ECMWF data a 50km vertical wavelength limit is used. Therefore spectra685

generated from ECMWF data potentially could show longer wavelengths than the measurements.

Again, the opposite is the case: spectra from ECMWF data are peaking at somewhat shorter verti-

cal wavelengths and are weaker for the long vertical wavelength part. This points to too low phase

speeds, the same effect as also discussed for the phase speedspectra in Fig. 7 compared to the ty-

phoon simulations. For 25km altitude and very short vertical wavelengths ECMWF data indicate690

larger GWMF than HIRDLS observations, which is likely due to adecreased sensitivity of HIRDLS

for GWs with wavelengths shorter than 4-5km and should not be physically interpreted.

There is one feature shedding light on the propagation of GWs,which is well reproduced by

ECMWF data, though. Spectra at 25km altitude (first and third row) peak at much shorter verti-

cal wavelengths than spectra at 35km altitude (second and fourth row). This shift towards longer695

vertical wavelengths is likely due to larger background wind velocities as well as to a general shift

towards longer vertical wavelengths because of amplitude growth and saturation (e.g., Gardner et al.,
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1993; Warner and McIntyre, 1999; Preusse et al., 2009a; Ern et al., 2011).

4.4 Why are ECMWF convective GWs not realistic?

Given the known sensitivity of modeled stratospheric GWs on the convective parameterization (Ric-700

ciardulli and Garcia, 2000; Kim et al., 2007) and given that the parameterization in ECMWF is

particularly optimized to produce the correct amount of rain, we discuss the ECMWF convective pa-

rameterization in this section. This parameterization contains both updraft and downdraft in a single

ECMWF grid cell (Persson and Grazzini, 2005). Only the residual motions are coupled to the model

dynamics. Accordingly convection is not fully coupled to the dynamics of the GCM and hence GWs705

by resonant forcing are not present. This can be beneficial also for data assimilation since potential

misrepresentation in the details of convection do not disturb assimilation of other quantities.

An example for this missing coupling between the convectiveparameterization and the dynamical

core is presented in Fig. 9, which shows high resolution vertical winds at 10km altitude for 28

January 2008, i.e. 36 h prior to the stratospheric GWs discussed in Figs. 2 and 3. There are some710

features above orography at mid and high northern latitudeswhich are likely connected to orographic

GWs. Examples are central Europe, Norway, Spitsbergen and the Rocky Mountains. There are also

some structures along the convective tropical rain bands. However, these are of the order of 0.2ms−1

or smaller. In convective updrafts vertical winds can be as strong as several 10 ms−1 and velocities

exceeding 10 ms−1 are frequent (e.g. Wu et al., 2009; Collis et al., 2013). However, the modeled715

vertical velocity strongly depends on the use of the microphysics and boundary layer schemes as

well as on the spatial resolution of the model (an adequate horizontal grid-spacing would be less

than 1 km (e.g. Wu et al., 2009; Del Genio et al., 2012)). Still, typhoon simulations performed

for investigation of the emission of stratospheric GWs with aresolution of 25 km (e.g. Kim et al.,

2009,Kim et al., 2012) show updrafts of several ms−1. Compared to these values, vertical winds in720

the ECMWF model which runs at a similar resolution as the typhoon simulations are tiny.

This missing coupling to the dynamical core of the GCM and thetiny wind speeds are the likely

reason that GWs in the ECMWF model are excited aloft of convection in the shear region in the

UTLS rather than by resonant forcing in the troposphere. This in turn causes that ECMWF re-

solved GWs have too slow phase speeds and far too long horizontal wavelengths. More realistic725

GWs may enhance the skills of a NWP system for seasonal prediction. One promising pathway to

seasonal prediction is the QBO (Scaife et al., 2014). Capturing the seasonal cycle of tropical GWs

(Krebsbach and Preusse, 2007) may enhance the models capability to predict the QBO and, via tele-

connections, surface temperatures in Northern Hemispherewinter (Scaife et al., 2014). However,

the primary focus of NWP systems is on short-term forecasts. If a different scheme for convection730

would adversely affect precipitation prediction or assimilation skills, it would unlikely be applied. It

is therefore important that both weather-forecast and middle atmosphere aspects are investigated in

detail and simultaneously, if NWP models shall be employed for seamless climate prediction.
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5 Gravity waves at higher latitudes

In Sect. 3 strong GW excitation by orography and a storm are described and in the previous section735

we focus on GWs at low latitudes. However, observations indicate largest GWMF in the southern

winter polar vortex, remote of any orography. This high GWMF is persistent and not connected with

unusual weather events. What are the sources of ECMWF-resolved GWs in this region?

Figure 5 also shows sources of high latitude GWMF in the polar vortices. Several features are

observed. First, the Antarctic Peninsula and the southern part of South America are very clearly740

identified as prominent GW sources. At these regions LTA is close to zero indicating that orography

is the cause of GWs. Enhanced GWMF in these regions excited by orography is in very good agree-

ment to observations and process modeling (e.g., Fetzer andGille, 1994; Eckermann and Preusse,

1999; Jiang et al., 2002; Alexander and Barnet, 2007; Alexander et al., 2008; Hertzog et al., 2008;

Ern et al., 2011; Plougonven et al., 2013). Second, apart from these orographic sources, there is745

a general band of wave origins for high GWMF for almost all longitudes (60◦ W to 180◦ E). These

wave origins are not matching topography and hence indicatesome other sources.

The source of high GW variance at polar latitudes is under debate since first seen in space ob-

servations (Fetzer and Gille, 1994; Wu and Waters, 1997; Preusse et al., 1999). Recently, high

momentum flux required for the momentum balance in GCM was attributed for instance to fronts750

(Charron and Manzini, 2002; Richter et al., 2010), convection (Choi and Chun, 2013) and small

islands (Hoffmann et al., 2013). A recent study of Hendrickset al. (2014) attributes the belt of large

stratospheric GWMF to instabilities at 500hPa, where in the storm tracks large eddy growth rates

are found. Gravity waves found in our study, which originatebetween 30◦ S and 50◦ S and have LTA

in the troposphere, likely are generated in the storm tracksand support the hypothesis of Hendricks755

et al. (2014). For instance, Fig. 5c indicates large GWMF of tropospheric LTA around Cape Town.

However, between 50◦ S and 60◦ S average LTA are higher than 7km, in some regions higher than

12km on average. As the source level is always higher than LTA, theLTA values indicate sources

in the stratosphere. Also, since the wave origins are between 50◦ S and 60◦ S, the sources seem not

to be connected with the tropospheric storm tracks, which are located equatorward. In summary,760

indication is found for GWs from the storm tracks propagatingobliquely and being focused into the

stratospheric jet. However, in addition, a further source at the lower edge of the stratospheric jet

is required to explain the GWMF values observed in the edge of the polar vortex in ECMWF data.

Large part of the GWMF in the southern polar vortex is therefore likely caused by some kind of

jet-instability or spontaneous adjustment in the lower stratosphere.765

A puzzling feature in stratospheric climatologies of GWs is the low GWMF over the Rocky Moun-

tains (Geller et al., 2013) compared to GWMF over several other much smaller and lower mountain-

ous regions. In Fig. 9 high activity is seen in the troposphere above the Rocky Mountains which,

however, does not reach the stratosphere. For instance, Fig. 5 indicates no orographic waves from

the Rocky Mountains for the period 28 January to 3 February 2008. This is in agreement with770
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observations (Jiang et al., 2004a; Geller et al., 2013) which show very low GW activity above the

Rocky Mountains. This was reproduced for the MLS climatology by ray-tracing calculations with

the NRL mountain wave forecast model (Jiang et al., 2004a) and is likely due to the position of the

stratospheric jet in the Northern Hemisphere. In the episode investigated in this paper the ECMWF

model reproduces the filtering of mountain waves from the Rocky Mountains preventing them from775

entering the stratosphere.

6 Temporal variability

The spatial distribution of global GW momentum flux is dominated by subtropical GWs from con-

vection in the summer hemisphere and by GWs from orography, storms and spontaneous imbalance

in the winter hemisphere. Both form distinct maxima, one at subtropical latitudes of the summer780

hemisphere and the other at mid and high latitudes of the winter hemisphere (cf. Figures 2 and 5

for ECMWF data and Ern et al. (2011) for observations). In bothcases the prevailing propagation

direction is opposite to the prevailing background winds, i.e. the waves propagate mainly east-

ward in summer and westward in winter. In order to capture thetemporal variation we present total

hemispheric GWMF in Fig. 10. In integrating over an entire hemisphere we capture either the sum-785

mertime subtropical maximum or the wintertime high-latitude maximum, depending on hemisphere

and season, but avoid an influence of the integration area that could be induced by latitude limits

focused on specific regions or latitude bands. We calculate zonal mean net GWMF directly from the

full model data by

Fx,mf = ρ̄u′w′ (4)790

where the overbar indicates the zonal average. We then integrate this zonal mean net flux over

latitudes 0◦ to 90◦ N for the Northern Hemisphere shown in Fig. 10a and 0◦ to 90◦ S for the Southern

Hemisphere shown in Fig. 10b. Different altitudes of 25km (black), 35km (green) and 45km (red)

are indicated by color. Different periods are separated by the vertical green lines. The first period in795

the left panel is for northern winter and is dominated by westward flux, the second period in April is

the quiet season for GWs on both hemispheres, periods 3 and 4 are typical summer-time conditions

with subtropical eastward flux, and in period 5 in early fall the end of the convective season results

in reduced subtropical waves. Analogously we find for the Southern Hemisphere in the right panel

summer conditions, the quiet season in April and different stages of winter conditions throughout800

periods 3 to 5. All this general behavior is also found in various climatologies from observations

and dedicated modeling (e.g., Wu and Waters, 1997; Fröhlich et al., 2007; Preusse et al., 2009a; Ern

et al., 2011).

A remarkable feature is a jump of a factor of 3 in average hemispheric GWMF from 28 January

to 29 January, i.e. from one day to the next inside period 1. This is due to the two major events805
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of orographic GWs at Greenland and the storm east of Norway discussed in depth in Sect. 3. Sim-

ilarly, in the Southern Hemisphere, day-to-day variationsof a factor 2 are observed in winter. In

contrast, GWMF in the summer hemisphere is almost steady. On afirst instance those facts may

seem surprising in that convection, which is very intermittent, causes a steady flux, while orography,

which in itself does not alter, excites GWs with huge variations in GWMF. However, considering810

a sufficient large area, tropical and subtropical convection will form and decay every day, though at

different positions but for a larger area in a very persistent manner over the whole rain season. Also

the general fact that mountain waves are highly dependent onthe specific wind profile throughout

the troposphere is well known and has been reported for instance for the southern Andes (Ecker-

mann and Preusse, 1999; Jiang et al., 2002). The much larger variability in regions dominated by815

orographic GW excitation has been also quantified statistically in terms of an intermittency factor,

both from satellite and superpressure balloon measurements (Hertzog et al., 2008, 2012) as well as

from quasi-hemispheric mesoscale modeling (Plougonven etal., 2013).

The accuracy and data density of current-day satellites or superpressure balloons is insufficient to

calculate meaningful daily averages. In order to infer the impact of single events on the variability820

of GWMF in a wider region we therefore have to rely on model data. Plougonven et al. (2013) show

that the Antarctic Peninsula dominates the variability of GWMF in the latitude range 90◦S to 50◦S

and can cause day-to-day variations of a factor of 2 or more. Our study shows that the variability

in the Northern hemisphere may be even higher and we find bursts in the total hemispheric flux by

a factor of 3. It should be noted that such bursts of GWMF may be even underestimated in ECMWF825

or WRF data due to the fact that short horizontal wavelength GWsare missing.

7 Summary

ECMWF data are analyzed for GWs at 25km altitude and the resulting waves are backtraced to

potential sources, that is, the true source can be located atany altitude above the termination altitude

of the ray. By this analysis we infer properties and sources of GWs resolved by the ECMWF model.830

Where ECMWF-resolved GWs are realistic, this also provides valuable insight for GWs in nature.

In global distributions of the termination location orographic sources such as Greenland, the

Antarctic Peninsula and South America as well as a storm approaching the Norwegian coast are

identified. In these regions GWs propagate in less than one dayto 25km altitude. Elsewhere GWs

on average need more than two days from source to 25km altitude. Mountain waves and GWs835

from storms cause bursts in the total hemispheric fluxes by factors of 2 (Southern Hemisphere) or 3

(Northern Hemisphere).

Using spatial correlation, we would have misinterpreted the strong GWs at northern Norway to be

mountain waves, i.e. we would have overestimated the influence of mountain waves on the global

flux considerably. Backtracing is a very well suited tool to avoid such misinterpretations. It can be840
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applied to GW resolving models and observations which fullycharacterize the waves, such as super

pressure balloons (Hertzog et al., 2008), but not to current-day satellite observations.

Resolved GWs in ECMWF data have at low latitudes very long horizontal wavelengths of more

than 1000km, much longer than the typical wavelengths indicated by observations for these regions.

Tropical phase speed spectra generated from ECMWF data peak at less than 10ms−1, slower than845

expected from mesoscale modeling and also from observations. Global maps indicate that the loca-

tion of the source is related to convection. Furthermore, when using backtracing, we find that almost

all rays pass above a convective system in the UTLS. This gives evidence that the likely source is re-

lated to convection. The tropical GWs in ECMWF are generated inthe region of highest shear aloft

the convective system. Such waves have been observed in casestudies from observations. However,850

comparison to other modeling studies and satellite data shows that they are not representative of the

tropics. Instead, resonant forcing is assumed to be the mostimportant process in generating convec-

tive GWs and is the basis of recently developed GW source parameterizations for GCMs. Therefore

this result is rather unexpected. Also horizontal wavelengths of convective GWs in ECMWF data

are much longer than in observations. This is not a problem ofthe model resolution: it should be855

noted that the spatial resolution of the ECMWF model would be sufficient to resolve GWs of scales

as observed by the satellites. Also several studies of typhoon-generated GWs were performed at

similar spatial resolution as these ECMWF runs and generate distributions peaking at a few hundred

kilometer horizontal wavelengths.

Several previous studies, however, indicated that the parameterization for convection may be cru-860

cial in determining the spectrum of waves excited. The convective parameterization in ECMWF

comprises the dynamics of a convective system inside a single grid cell, i.e. it comprises both up-

drafts and downdrafts and couples only the residual effectsto the dynamical core of the GCM. These

residual effects are much weaker than the dynamics of a resolved convective system and the GCM

therefore cannot correctly represent the tropical GWs.865

Almost all results obtained in this paper are based on simulated satellite observations from an

infrared limb imager. For current-day instruments we can only diagnose sources by either spatial

collocation, which can be highly misleading as shown above,or by forward modeling and compari-

son, which leaves many uncertainties about the details of the model used. However, as demonstrated

in the paper, full wave characterization by an infrared limbimager would allow us to determine870

source regions and source processes much more accurately bybackward ray-tracing. In addition,

much more stringent constraints on the phase speed and wavelength distribution (cf. discussion of

Figs. 7 and 8) would be possible. The paper therefore is also ademonstration of the huge potential

of an infrared limb imager for GW research.

High resolution global weather forecast data contain GWs from many processes. By means of data875

assimilation they capture well the synoptic scale meteorology. If the processes generating GWs from

different sources are well represented in the GCM, they are asuitable tool also for predicting GW
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activity. (Please note that data assimilation so far has notbeen proven to improve the representation

of the GW structures in a model: the GWs need to be generated by the model from the synoptic

scale structures self consistently without further guidance from data.) Despite the fact that there will880

be some differences due to missing resolution also at high latitudes, main distributions and general

features at mid and high latitudes are broadly realistic. Further validation, however is required.

ECMWF data may then at higher latitudes be very helpful to explore the nature of GW source

processes.

Ever since satellites observed extremely high GWMF in the Antarctic winter polar vortex far from885

orography, the source of these waves is puzzling. For instance, Hendricks et al. (2014) attribute these

GWs to excitation by instability growth in the troposphere, but do not identify the actual source

altitude of the waves seen in the stratosphere. In the current study, we find indication for such waves

from the storm tracks. In addition, backward ray-tracing gives evidence that many GWs in the

Antarctic winter polar vortex originate from jet instabilities around the tropopause or in the lower890

stratosphere.

A further potential use of ECMWF data is identifying regions and periods of enhanced GW activ-

ity in order to guide measurement campaigns for investigating generation, propagation and dissipa-

tion of GWs. Finally, a validated global model can also help tounderstand e.g. day-to-day variations

in a regional or global context, which cannot be captured by today’s measurements. In contrast, GWs895

from convection cannot be considered as realistic.

This brings us back to our original question in the introduction: will increasing resolution in

seamless climate modeling automatically result in a good representation of GWs? In other words,

will it make dedicated GW research and parameterizations obsolete? The examples presented in

this paper give evidence that at least validation is furtherrequired. Parameterizations optimized for900

a certain end, here the prediction of precipitation, may fail to capture or generate other aspects.

Thus a sound understanding of all processes would be a prerequisite to seamless climate prediction.

Another prerequisite therefore is that not only effects e.g. driving the short term weather forecast

skills are dominating the model development.

In case of the tropical convection, the model does not only underestimate the short horizontal905

wavelength part of the GWMF spectrum, but also overestimation of the long horizontal wavelength

part of the GWMF spectrum is indicated. Where GWMF is underestimated, a parameterization may

be employed to represent these waves in a GCM. However, whereGWMF is too large in respect

to reality, there is no concept for removing this excessive GWMF. The scales of the waves convey-

ing the GWMF for lower to higher altitudes matter: waves of different wavelengths have different910

propagation properties and will influence higher altitudesin the atmosphere differently. Thus, a shift

in wavelengths, which could be present also for other sources such as spontaneous imbalance, may

alter the behavior of the middle atmosphere e.g. in a climaterun. Such spectral shifts and even

overestimation of GWMF can be produced even at very high resolution (Lane and Knievel, 2005),
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in fact even at resolutions which are orders of magnitude higher than for the current ECMWF model.915

Appendix A

Correlation between GWMF from temperatures and winds

In order to test the accuracy and precision of our results as well as to test whether the investi-

gated mesoscale structures are really GWs we compare GWMF determined from temperatures with

GWMF from winds. GWMF for temperatures is calculated according to equation 1 for the two most-920

important wave components in each fitting cube. These two wave components are added for total

zonal and meridional GWMF in each individual fitting cube. Forthe winds we calculate residuals

of all three wind components(u′,v′,w′) by removing zonal wavenumbers 0-6 and interpolate these

wind residuals to the measurement grid, same as for temperatures. The wavevectors of the two most

important wave components for the vertical wind residualsw′ are fitted in the same fit-volumes as925

used for temperature. Based on these wavevectors, amplitudes for all three wind components are

determined by sinusoidal fit. Then for each wave component GWMF is determined from the wind

amplitudes(û, v̂, ŵ) by

(Fx,Fy) =
1

2
ρ(ûŵ, v̂ŵ) (A1)

930

Note that equation A1 does not rely on the polarization and dispersion relations of GWs and does

therefore not require wave parameters such as the wave vector. However, this comes at the prize

that equation A1 is not the exact formulation for GWs but the mid-frequency approximation. There-

fore GWMF is overestimated for low frequency waves and GWMF from temperatures is modified

accordingly for this comparison. Again total zonal and meridional GWMF in each fitting cube are935

calculated by adding the two most important wave components.

Figure 11 shows the point density function of the correlation of individual fitting cubes at 25 km

altitude for 34 days, starting from 29 January, in total approximately 100,000 values. Note that the

color scale is logarithmic, i.e. orange represents 10,000 fitting-cubes in one bin (bin-size is 0.5 mPa).

The left panel shows zonal GWMF, the right panel meridional GWMF. On the x-axis the values940

determined from winds, on the y-axis the values determined from temperatures are provided. The

white lines show, (solid) the linear regression, (dashed) the width in the center of the distribution and,

(dashed dotted) the relative width of the distribution. Theabsolute width is determined by generating

from the individual cubes a histogram with respect to the absolute distance from the regression line

for the central part of the distribution. The relative widthis estimated by generating a histogram with945

respect to the relative distance from the regression line for the part with larger GWMF.

The statistical measures for the two comparisons are provided in table 1. In particular zonal

GWMF correlates very well between temperatures and winds. There is a general low-bias of
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ECMWF temperature-based GWMF with respect to wind-based GWMF which is not observed in

other model data (Lehmann et al., 2012) and is also not causedby the mid-frequency approximation950

(tested, not shown). This seems to be a peculiarity of the ECMWF model.

The slope determined by the linear regression varies with season (not shown). By calculating a

common linear regression for all seasons the variation of the slope causes a wider relative deviation.

Therefore the relative width is slightly larger than the single-day values referred to in section 2 of

this paper.955

The fact of the very good correspondence between temperature-based and wind-based GWMF

shows that the majority of the investigated mesoscale structures obey the polarization and dispersion

relations of GWs. This is evidence that at least the majority of the investigated mesoscale structures

are GWs.

Appendix B960

Observational Filter

In this appendix we show for the example of the spectra presented in Figure 8e how the observational

filter of an infrared limb sounder modifies and shifts the spectral shape. These shifts are notable, but

do not affect the main findings presented in section 4.3.

A detailed discussion of a comprehensive observational filter for infrared limb sounders will be965

given in a dedicated paper (Trinh et al., manuscript in preparation for AMT) and we here give only a

brief outline. The main effects of the observation and the analysis method for GW momentum flux

estimates from infrared limb sounders are described by Ern et al. (2004) and Preusse et al. (2009b).

(Please consider in particular Figure 3 in Preusse et al. (2009b).) The observational filter takes into

account: The visibility filter in the direction of the line-of-sight due to radiative transfer and retrieval970

in linear approximation (cf. Preusse et al. (2002)), some filtering mimicking the vertical-profile

spectral analysis, the projection of the horizontal wavelength on the tangent point track and, finally,

aliasing. For simulation of these effects, we need to determine the apparent wavelength of the wave

along the horizontal projection of the line of sight of the satellite instrument, as well as the apparent

wavelength of the wave projected onto the track of tangent-points. The observational filter therefore975

requires the orbit-geometry of the considered satellite aswell as details of the observation modes

and retrievals, i.e. the inversion process from measured radiances to temperature. The observational

filter can be applied to any data set which fully characterizes individual waves in terms of amplitudes

and the 3D wave vector such as ray-tracing results or 3D sinusoidal fits.

In Figure 12 we compare the data for period 1, 25km altitude and show spectra as analyzed from980

ECMWF and after application of the observational filter to these data. The main effects are: The

total intensity is reduced by about a factor of 2. The spectral shape is only slightly modified. Gravity
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waves with short vertical and short horizontal wavelengthsare more strongly reduced than GWs on

average. Because of the projection of the horizontal wavelength on the tangent-point track, GWMF

appears at longer horizontal wavelengths. The wavelengthscontained in ECMWF are too long in985

order to show significant aliasing effects.

Due to the combined effects, the observational filter enhances the bias of the ECMWF distribu-

tion showing too long horizontal wavelengths: Even in the original data, the peak of GWMF from

ECMWF is at much longer horizontal wavelengths than for the HIRDLS observations. The applica-

tion of the observational filter generates a distribution such as HIRDLS would observe if ECMWF990

data were real. The peak of GWMF in HIRDLS-like ECMWF data is shifted to even longer hori-

zontal wavelengths increasing the discrepancies.
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Table 1. Statistical measures from the correlation analysis between GWMF from temperatures and winds for

the zonal and meridional component. More than 100,000 values were used for each of the statistical analyses.

Measure zonal GWMF meridional GWMF

correlation coefficient R 0.97 0.88

slope of linear regression 0.81 0.68

absolute width at center [mPa] 0.12 0.15

relative width [%] 16 21

Fig. 1. Power spectra of ECMWF temperatures in zonal direction averaged over the period from 28 January

to 3 February 2008 and over latitudes from 40◦ N to 60◦ N. Altitude is 25km. The red line shows the average

power spectral density in [K2 km], the purple line indicates a slope of−5/3, the green line the fit-by-eye where

the spectrum becomes significantly steeper than the power-law, corresponding to a wavelength of∼ 220 km.

Vertical blue lines are drawn for horizontal wavelengths of 10, 100, 1000 and 10000 km.
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Fig. 2. Gravity wave parameters in ECMWF reanalysis fields. Panel a shows temperature residuals from black,

−6K to red, 6K after removing the zonal mean and planetary scale waves up to wavenumber 6. Vertical

winds (blue,−1ms−1 to red,+1ms−1) in (b) highlight the small-scale structures. For satellite-like process-

ing the residual temperatures (black, less-equal than−4K to red, larger-equal 4K) are sampled to simulated

measurement positions of an ILI in(c). After applying a limited-volume three-dimensional sinusoidal fit, GW

momentum flux (black, less-equal 0.01 mPa to larger-equal 100 mPa)is deduced(d). GWMF is largest in re-

gions of strong vertical wind structures(b) and where temperature residuals indicate large amplitudes of short

horizontal scales(a, c).
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Fig. 3. Global maps of(a) the ray-termination location and the altitude [km] to which rays can be backtraced

(LTA) for 29 January 2008,(b) the time to reach the ray-termination in hours,(c) altitude, as(a), but with

reduced color scale and(d) only the rays which terminate between 12km and 18km altitude overplotted on

accumulated precipitation [mm] for 27 January. Precipitation is smoothed by a box-average of9× 9 points.

The size of the dots is a measure of the GWMF at 25km altitude. In order to determine the value, please refer

to the green dots in the lower right corner of the panels which indicate 0.01,0.1, 1 and 10 mPa, respectively

(scale is equal for all panels). In panel(b) black indicates 50 hours or more.
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28 Jan 2008, 18:00 GMT ; 850 hPa rays from 29-Jan 12:00 ; 25 km  wind div.: 28-Jan 18:00 ; 5km

1

2

a) b)

Fig. 4. Absolute horizontal wind velocities (blue, 0ms−1 to red, larger-equal 30ms−1; arrows indicate di-

rection) at 850hPa (a) for the North Atlantic. Values given are 18 h prior to the GWMF analyses shown

in Figs. 2 and 3 and display a storm approaching the Norwegian coast. Horizontal wind divergence (blue,

−0.5ms−1 km−1 to red, 0.5ms−1 km−1) for the same time(b) indicates GW activity at the south tip of Green-

land, in the high-wind regions over the Northern Sea and for the southernpart of Norway. The southern part

of Norway is indicated by the red ellipse marked “1”. Also along the coast of mid Norway (red ellipse marked

“2”) some wave structures are seen. These regions are source of strong GW activity at 25km, as indicated by

the backtraces (altitude-colored dots; dark green, 0km to light-green, 25km).
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28 Jan 2008 - 03 Feb 2008

a) d)

29 Jun 2008 - 05 Jul 2008

b) e)

10 Aug 2008 - 16 Aug 2008

c) f)

0 5 10 15 20 0 5 10 15 20 25 30 35
altitude [km] acc. convec. precip. [mm]

Fig. 5. Global maps of(a–c) average LTA (black, 0km to red, 20km) and (d–f) accumulated precipitation

(transparent, no precipitation to dark-blue, 35mmday−1) for three one-week periods in January/February (up-

per row), June/July (middle row) and August 2008 (lower row). Precipitation is smoothed by a box-average

of 9× 9 points. For panels a, b and c the length of the rectangles is proportional to the accumulated GWMF

for circular source regions ofπ 8002 km2: the length equals the sampling distance for GWMF of 30 mPa (for

details see text). Also shown in the right column by contours are average LTA of 5 km (purple), 7km (pink)

and 11km (red) only for those regions where accumulated GWMF exceeds 20 mPa.
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Fig. 6. Relative distribution in [%] of the momentum flux at 25km vs. LTA in [km] for rays terminating between

40◦ S–40◦ N. Data are averaged over all five one-week periods. The black line shows LTA as determined by

the ray-tracer, the dark blue line indicates LTA for only those waves whichend over convection. The light blue

curve is calculated from rays which were terminated when intersecting precipitation larger than 0.5mmday−1.

The red line indicates the cases which never pass locations of convection.
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28-Jan-2008 - 3-Feb-2008

29-Jun-2008 - 5-Jul-2008

0 2 4 6
momentum flux [mPa]

a) b)

c) d)

Fig. 7. Momentum flux [mPa] vs. phase speed (distance from center, [ms−1]) and azimuthal direction (east-

ward, positive x; northward, positive y). The left column (panels a, c) shows cases for which backtraces

naturally end at convection, i.e. intersection of rays with convection is nottaken into account. The right column

(panels b, d) shows all other cases. The upper row (panels a, b) gives spectra for the period 28 January 2008 to

3 February 2008, the lower row (panels c, d) gives spectra for the period 29 June 2008 to 5 July 2008. Black

and white dashed concentric circles indicate 20, 40 and 60ms−1 phase speed.

44



HIRDLS ECMWF

5 km

10 km

15 km

25 km

a) e)

b) f)

c) g)

d) h)

28 Jan - 03 Feb ;  alt:  25 km

28 Jan - 03 Feb ;  alt:  35 km

29 Jun - 05 Jul ;  alt:  25 km

29 Jun - 05 Jul ;  alt:  35 km

30 m/s

20 m/s

50 m/s

70 m/s

30 m/s

20 m/s

50 m/s

70 m/s

30 m/s

20 m/s

50 m/s

70 m/s

30 m/s

20 m/s

50 m/s

70 m/s

30 m/s

20 m/s

50 m/s

70 m/s

30 m/s

20 m/s

50 m/s

70 m/s

30 m/s

20 m/s

50 m/s

70 m/s

30 m/s

20 m/s

50 m/s

70 m/s

30 m/s

20 m/s

50 m/s

70 m/s

Fig. 8. Spectra of GWMF normalized to the total number of all wave events ([log10over 1Pa]; black, 10−4 mPa

to red, 0.1 mPa) vs. horizontal and vertical wavenumber (both [log10of km−1]). Due to observational effects,

spectra from HIRDLS (left column) are long-biased compared to the true distributions in terms of horizontal

wavelength, but still peak at much shorter horizontal wavelengths than spectra from ECMWF (right column).

For better orientation, the gray grid-lines indicate 10km vertical wavelength and 1000km horizontal wave-

length, respectively. White lines give intrinsic phase speed (labels are reproduced at the right y-axis of(e)).

Vertical wavelength values are given at the right y-axis of(f).
45



ve
rt

ic
al

 w
in

d 
[m

/s
]

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

Fig. 9. Vertical winds for 28 January 2008, 10km altitude; dark blue indicates values of -0.5 ms−1 or less, dark

red indicates values of 0.5 ms−1 or more.

25 km

35 km

45 km

28 Jan -
   3 Feb

1 Apr -
   7 Apr

29 Jun -
   5 Jul

10 Aug -
  16 Aug

24 Sep -
  30 Sep

-20

-15

-10

-5

0

5

to
ta

l G
W

 m
om

en
tu

m
 fl

ux
 [m

P
a]

Northern hemisphere

28 Jan -
   3 Feb

1 Apr -
   7 Apr

29 Jun -
   5 Jul

10 Aug -
  16 Aug

24 Sep -
  30 Sep

to
ta

l G
W

 m
om

en
tu

m
 fl

ux
 [m

P
a]

25 km

35 km

45 km
-20

-15

-10

-5

0

5

-25

10
Southern hemispherea) b)

Fig. 10. Zonal gravity wave momentum flux calculated according to Eq. (5) from the full-resolution model

winds and integrated over latitudes 0◦ to 90◦ N for the Northern Hemisphere is shown in(a) and integrated over

latitudes 0◦ to 90◦ S for the Southern Hemisphere is shown in(b). Color indicates altitudes of 25km (black),

35km (green) and 45km (red). The individual 7-day periods are separated by vertical green lines.
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Fig. 11.Logarithmic point density of (a) zonal and (b) meridional GWMF inside allfitting-cubes at 25 km alti-

tude. On the x-axis the value determined from winds, on the y-axis the values determined from temperatures are

provided. The white lines show (solid) the linear regression (dashed) thewidth in the center of the distribution

and (dashed dotted) the relative width of the distribution. Black color indicates no wave events in the respective

bin.
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Fig. 12. Gravity wave spectrum for period 1, 25km altitude, calculated from ECMWFdata. The left panel

shows the same spectrum as given in Figure 8e, the right panel shows the spectrum after application of the

observational filter. The following differences can be observed: 1.)the intensity is generally reduced by

roughly a factor of 2, 2.) for short horizontal and short vertical wavelengths the reduction is even much stronger

and 3.) for very long horizontal wavelength some GWMF is added due to the projection of the wavelength on

the tangent point track. Black color indicates no wave events in the respective bin.
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