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Abstract. Absolute values of gravity wave momentum 1 Introduction

flux (GWMF) deduced from satellite measurements by the

Sounding of the Atmosphere using Broadband Emission RaUnderstanding the coupling mechanisms between the differ-
diometry (SABER) instrument and the High Resolution Dy- ent layers forming the atmosphere is essential for understand-
namics Limb Sounder (HIRDLS) are correlated with sea sur-ing the earth’s climate. Atmospheric gravity waves (GWSs)
face temperature (SST) with the aim of identifying those are one important coupling mechanism because they trans-
oceanic regions for which convection is a major source ofport a great portion of momentum from the lower to the
gravity waves (GWSs). Our study identifies those latitude higher altitudes and contribute to the formation of the global
bands where high correlation coefficients indicate convec-<irculation.

tive excitation with confidence. This is based on a global They are, however, not well represented in general circula-
ray-tracing simulation, which is used to delineate the sourcdion models (GCMs). Therefore, excitation, propagation and
and wind-filtering effects. Convective GWs are identified at dissipation of GWs have received increasing attentiim(

the eastern coasts of the continents and over the warm wagt al, 2003 Alexander et al.2010. In particular, many stud-

ter regions formed by the warm ocean currents, in particulaies such as the recent global surveyGller et al.(2013

the Gulf Stream and the Kuroshio. Potential contributions ofhighlight the need for better source specification for GWs
tropical cyclones to the excitation of the GWs are discussedfrom sources other than orography in order to improve GW
Convective excitation can be identified well into the mid- parameterizations in GCMs.

mesosphere. In propagating upward, the centers of GWMF In general, the distribution of GWs at a specific altitude
formed by convection shift poleward. Some indications of is given by GW sources and the propagation condition be-
the main forcing regions are even shown for the upper mesotween the source and the targeted altitude. The most im-
sphere/lower thermosphere (MLT). portant sources include topography, convection, wind shear
and spontaneous adjustment of flow in geostrophic imbal-
ance Eckermann and PreussEd99 Fritts and Alexander
2003 Wu and Eckermann2008 Kirkwood et al, 2010.
Sources such as convection or spontaneous adjustment de-
pend on meteorological conditions. However, conventional
non-orographic GW parameterizations used in almost all
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1374 J. Y. Jia et al.: Global observation of convective gravity waves
GCMs are based on a fixed source distribution constant irPreusse et a(20013, andJiang et al(2004h consider spa-
time and space. Such tuned non-orographic GW schemesal collocations of GWs with cloud observations. The second
cannot capture the full feedback of GWs in a changing cli-way is to employ a parameterization scheme for convective
mate. Efforts are therefore made to understand the physicabW excitation and to compare the modeled GW variances or
GW sources and to implement them in GCMs (eRjchter momentum fluxes with the measurements (e3oi et al,
etal, 2010. 2009 2012. However, the convective GW schemes are based

Ground-based and in situ observations (eRfister et al.
1993 Alexander and Pfistel995 Alexander et al.200Q
R’echou et al. 2013 as well as global climatologies from
satellite observations (e.dvcLandress et 81200Q Preusse
et al, 2001a Jiang et al. 20040 have identified convec-

on a simplified physical model and assume parameters such
as the dominant timescale. Therefore, simpler approaches to
identify regions of convectively forced GWs could comple-
ment more sophisticated methods since such approaches are
less biased by physical expectations. For instance, a com-

tion as a prominent source of GWs. Gravity waves generplementary method is to analyze correlations between suit-
ated by deep convection are frequently located in the tropicsble proxies for convection and measured GW distributions
and subtropics, which are characterized by warm sea surPreusse and Ey2005 Wright and Gille 2017) in order to
face temperature (SST) and more latent heating, which isdentify regions where convection is the dominant source.

a favorable condition for deep convection (egud et al, In this paper we follow the correlation approach. Our aim
1999 Zhang 1993. Preusse and Erf2005 correlated SST s to identify those regions where a significant part of the ob-
and GW variances from Cryogenic Limb Array Etalon Spec- served GWMF stems from convective sources. We consider
trometer (CLAES) temperature data. They found that theredistributions of GWMF since it is GWMF that determines
is strong convective excitation over the Gulf of Mexico and the coupling among the different layers of the atmosphere.
the Kuroshio Current for the Northern Hemisphere summerWe choose SST as a proxy for precipitation for several rea-

These two regions are primary pathways for hurricanes angons:

typhoons, respectively, and convection associated with hurri-
canes/typhoons can be a significant source of positive grav-
ity wave momentum flux (GWMF) that is required to main-
tain large-scale circulation in the summer mesosphi€ia (

et al, 2005 Kim and Chun2010. In addition, in the south-
ern subtropics, regions of presumably convective GW exci-
tation during the respective summer months were identified
as well.Wright and Gille(2011) investigated the correlation
between GWMF from the High Resolution Dynamics Limb
Sounder (HIRDLS) and outgoing long-wave radiation (OLR)
and precipitation which denotes the density of the convection
over the monsoon regions. Their study indicated that there is
an increase in measured momentum flux of approximately
50 % over the 10—30N latitude band during the boreal mon-
soon period.

Convection is going to change in a changing climate. Ex-
plicitly including this source in climate models therefore
could enhance the fidelity of climate forecasts. However,
larger differences are found in particular for the location of
GWMF patterns from convection: various modeRighter
et al, 201Q Geller et al, 2011 have their largest momen-
tum flux of tropical gravity waves over the intertropical con-
vergence zone (ITCZ) region, whereas observations indicate
that the largest low-latitude fluxes are over the summer trop-
ical continent regions. In addition, there are different mod-
els for the excitation of GWs due to convection (eRBeres
et al, 2005 Song et al.2007. Furthermore, these models

1. We base our study on the hypothesis of a causal rela-
tion between SST and convective GW excitation. Deep
convection usually occurs during a “convectively active
season”. Over the ocean this convectively active sea-
son is facilitated by enhanced SST. In addition, deep
convection is a far more effective source of GWs than
shallow convection. Therefore, our working hypothesis
implies that the time of maximum SST marks the con-
vectively active season and is accordingly the time of
enhanced convective GW excitation.

2. SST is a relatively weakly structured proxy. This is
of advantage for two reasons. First, GWs propagate
obliquely (e.g.,Sato et al. 2003 Jiang et al. 2004k
Kalisch et al, 2014 and spread from their sources. The
region of enhanced GWMF is therefore larger than the
source region itself. With a weakly structured proxy we
can capture the entire region of enhanced GWMF. In
contrast, a highly structured proxy would identify only
those convectively excited GWs which propagate al-
most vertically and remain in the source region. Second,
as will be described in detail below, we isolate convec-
tively excited GWs by identifying local patterns. If the
proxy is weakly structured, local patterns in the corre-
lations raise confidence that the identified patterns are
indeed source patterns.

use freely tunable parameters and are based on various as-In the paper we also briefly discuss other potential proxies
sumptions. Therefore, validation is required. As a first step,such as precipitation and OLR and highlight the advantage of
it is important to identify those regions where convection is SST. Two tests corroborate where the correlation coefficients
an important GW source solely by observations. are a sound indicator of convective forcing. Firstly, we test
There are now several approaches to identify convectivelywhether fine-scale patterns in the correlation maps are caused
generated GWs. For instancklcLandress et al(2000), mainly by the phase of the annual cycle of the SST and hence
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are not introduced artificially by enhanced annual mean SSTio December 2010 are used. The SABER temperatures are
Secondly, the global distribution of GWMF is shaped both by derived from 15 um C@infrared emissions (e.gMertens
various GW sources as well as the filtering and modulationet al, 2004 Remsberg et al2008. The HIRDLS instrument

of GWs by the background atmosphere while they propagatevas one of the core instruments on board the Aura space-
upward into the middle atmosphere. In order to distinguishcraft deployed in the Earth Observing System (EOS) pro-
the influence of GW sources from effects of favorable prop-gram. The Aura spacecraft was launched on 15 July 2004,
agation conditions, we perform global GW ray-tracing mod- and HIRDLS temperature data of version VO@Elle et al,

eling with a homogeneous and isotropic source distribution2008 are available for the period from January 2005 to De-
(Preusse et al20093 based on the Gravity wave Regional cember 2007. A detailed description of the GWMF data used
Or Global RAy-Tracer (GROGRATMarks and Eckermann in this study is given byErn et al.(2011), and only a brief
1995 Eckermann and Mark4.997. This global ray-tracing summary of the GW processing is given in the following
simulation is used to delineate the source and wind-filteringparagraph.

effects. In order to deduce GWMF, as a first step GWs are isolated

In our study, convective GW excitation is estimated us- by subtracting global waves with wavenumbers 0—6. The re-
ing GWMF from the satellite instruments SABER (Sound- sulting vertical profiles of temperature fluctuations are an-
ing of the Atmosphere using Broadband Emission Radiom-alyzed by a combination of the maximum entropy method
etry; Mlynczak 1997 Russell lll et al, 1999 and HIRDLS  and sinusoidal fitsRreusse et gl2002. This results in ver-
(Gille et al, 2003 2008 on a global scale. The use of long- tical profiles of vertical wavelength, amplitude and phase
term data sets of GWMF, including also mesospheric alti-of the GW structures. By comparing the phases of adja-
tudes and the discussion of wind filtering with the aid of the cent profiles, the horizontal wavelength in the direction of
GROGRAT model, distinguishes the present study from prethe measurement track is deducdgtn( et al, 2004 and
vious work such aPreusse and Erf2005 andWright and  the absolute value of GWMF is estimated. Since SABER
Gille (2011). By using SST we can also identify GW sources and HIRDLS measure radiances integrated along the line of
from which GWs have spread to wider regions. This is par-sight, the shortest horizontal wavelengths visible to these in-
ticularly important for the mesospheric data. struments are~ 100-200 km Preusse et 412002 20091.

The structure of the paper is therefore as follows. The dataGravity wave momentum flux can be estimated only from
and models are described in Sect. 2. Section 3 discussgwofile pairs with a profile distance of less than 300 km and
the salient patterns of global distributions of stratosphericwith well-matching vertical wavelengths. At each altitude
GWMF. In Sect. 4 we introduce the correlation method andthis limits the number of GWMF values per day to approx-
determine the latitude range where the correlations can bénately 350 values of GWMF for SABER and to approxi-
used with confidence as indication of GW sources. After thismately 3000 values of GWMF for HIRDLS.
rather technical approach, Sect. 5 interprets the findings in
terms of source processes and oblique propagation. A sun.2 Sea surface temperature
mary is given in Sect. 6.

The optimum interpolation (Ol) sea surface temperature

(SST) monthly data is provided by the National Ocean and
2 Data and models Atmospheric Administration (NOAA) with a horizontal res-

olution of I° longitude and 1 latitude from December 1981
In this section, we briefly describe the data sets used for outo December 2012 based on in situ and satellite data. The in
analyses. GW data are taken from spaceborne infrared limisitu observation data are from ships and buoys (both moored
sounders (IRLS). These are compared to sea surface tempednd drifting). The source of the in situ data changed at the
atures and precipitation values, which are used as proxies fognd of 1997. Before 1998 they were obtained from the Com-
convection. Results from GROGRAT modeling based on aprehensive Ocean—Atmosphere Data Set (COADS) and after
homogeneous, isotropic source are also introduced and will998 they have been obtained from the Global Telecommu-
be employed in Sect. 3 to investigate the influence of propanication System (GTS). Advanced Very High Resolution Ra-

gation effects. diometer (AVHRR) satellite data enter the SST data set start-
ing in late 1981. A small residual bias of roughi0.03°C
2.1 GWMF from spaceborne infrared limb sounders still remains, although the satellite bias correction and the

sea ice to SST conversion algorithm have already improved
The SABER instrument was designed especially for mea-in version 2 Reynolds et a).2002.
surements at higher altitudes ranging from the tropopause to
well above 100 km. It was launched on board the Thermo-2.3 Precipitation
sphere, lonosphere, Mesosphere Energetics and Dynamics
(TIMED) satellite in December 2001. It has operated con-Global Precipitation Climatology Project (GPCP) ver-
tinuously since January 2002. In this study, data from upsion 2.1 precipitation monthly data (1979-2012) with°2.5
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latitude and 2.5 longitude spatial resolution from the the Atmosphere (CRISTA) observations. With launch dis-
NOAA/OAR/ESRL (Office of Oceanic and Atmospheric tributions tuned in this way, the salient global features
Research/Earth System Research Laboratory) Physical Scand the annual cycle are well represented. For the present
ences Division is used to investigate the relationship betweemun, background wind and temperature fields were taken
convective activities and convective GWMF distribution in from European Centre for Medium-Range Weather Forecasts
the stratosphere. This data set combines satellite data, rafECMWF) analyses. By means of data assimilation, these
gauges and ground-based radar. Precipitation observatiordata provide a good representation of the actual state of the
are collected from over 70 000 stations around the globe inatmosphere up to an altitude of 40 km or higher and are there-
cluding Global Telecommunications System (GTS) reportsfore well suited to investigate the modulation of GW propa-
and other worldwide or national data (e.ddler et al, gation conditions by changes in the wind and buoyancy fre-
1994 Arkin and Meisner1987 Grody, 1991]). Satellite data  quency fields. We have modeled every third day for the years
are merged according to their respective availability. Spe-2002—2010 and four local times for each day in order to av-
cial Sensor Microwave/Imager (SSM/I) precipitation data areerage over the diurnal cycle.

provided by the Defense Meteorological Satellite Program

(DMSP, USA) satellites that fly in sun-synchronous low earth

orbits (LEO). Precipitation estimated from observations of 3 The physical reasons for the salient patterns in

infrared (IR) radiation is based on the geostationary orbit  global GW distributions

(GEO) and LEO infrared satellite data (GEO-IR and LEO-

IR) obtained from the National Environmental Satellite Data As a first step, we consider global maps of stratospheric
and Information Service (NESDIS, USA), the Japanese Me-GWMF at 25 km altitude. Based on previous studies, we ex-
teorological Agency (JMA) and the European Organisationplain how various sources of GWs, on one hand, and filtering
for the Exploitation of Meteorological Satellites (EUMET- and modulation of GWs by the background atmosphere, on
SAT). In addition, the LEO data are obtained from the Atmo- the other hand, form the salient patterns seen in these global
spheric Infrared Sounder (AIRS) data from NASA Aqua and maps. The lowest altitude for which we can deduce reliable
Television Infrared Observation Satellite Program (TIROS) estimates from both instruments is 25 km. For this lowest al-
Operational Vertical Sounder (TOVS) and OLR precipitation titude the influence of propagation conditions is expected to
index (OPI) data from the NOAA series satellites. Further be smallest and, accordingly, the influence of sources is ex-
developments and calculations are performed by the Globabected to be largest.

Precipitation Climatology Centre (GPCC) of the Deutscher Figurel shows global maps of GWMF for HIRDLS (up-
Wetterdienst and by the Climate Prediction Center of NOAA per row) and SABER (middle row) at 25 km altitude in Jan-

(e.g.,Adler et al, 2003 Huffman et al, 2009. uary and July. Due to the higher number of GWMF values, a
finer grid spacing was chosen for the HIRDLS data. HIRDLS
2.4 GROGRAT simulations data are given for the year 2006, whereas SABER data are

an average over the years 2002 to 2010. Absolute values of

Global ray-tracing simulations are performed in order to GWMF from HIRDLS are about 40 % lower than GWMF
quantify the influence on the global distribution by filtering values from SABER. The difference corresponds to an am-
and modulation of GWSs by the background winds and back-plitude difference of 20% and may be caused by different
ground stability (buoyancy frequency). The general set-up igetrievals and the fact that SABER radiances start to become
described in detail bfPreusse et a(20093 and only a brief  optically opaque at these altitudes. The differences between
summary is given here. Rays are launched at 5 km altitudeSABER and HIRDLS are within the errors stateddm et al.
The GW spectral distribution is taken into account by launch-(2004. Furthermore, HIRDLS data represent a single year
ing a total of 14 different combinations of amplitude, phasewhile SABER data represent a 9-year climatology. Different
speed and horizontal wavelength, each combination formingporopagation conditions, for instance a varying phase of the
one spectral component. For each individual spectral compoguasi-biennial oscillation (QBO), modulate the strength of
nent, rays are launched homogeneously and isotropically ilGWMF: according tdern et al.(2014), the year 2006 shows
eight directions every“dn latitude and every%in longitude.  average low-latitude GWMF while some other years such as

In order to produce global maps, GWMF values are av-2005 show enhanced GWMF values, which are part of the
eraged in overlapping bins of 4atitude and 10 longitude =~ SABER 9-year mean as well.
for the total spectrum combined from all 14 spectral compo- Apart from these differences in the absolute values, the
nents. For this average, the contributions of individual spec-distributions deduced from the two instruments agree well
tral components are weighted. The respective weighting facin their salient features. There are higher values of GWMF
tors were determined Hyreusse et a(2009g from compar-  especially at high latitudes of the respective winter hemi-
isons of ray-tracing simulations with zonal mean GW vari- sphere. These GWs are caused by the polar night wind jets
ances from SABER observations and zonal mean GWMFand topography. In the summer hemisphere subtropics, there
from Cryogenic Infrared Spectrometers and Telescopes foare several centers of enhanced GWMF which are generated
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Figure 1. Global maps of GW momentum flux and SST. The left column shows values for January (southern summer) the right column for

July (northern summer). GWMF for HIRDLS (upper row) and for SABER (middle row) are given at 25 km altitude. HIRDLS data are from
2006, while SABER data are the climatology from 2002 to 2010. Please note the different color bars indicating that GWMF from HIRDLS
is about 40 % lower than GWMF from SABER. SST data (lower row) are averaged for the years 2002-2010, same as for SABER GWMF.

by deep convection, for instance in monsoon regions, in theof GWMF in the summer subtropics from a homogeneous
vicinity of Florida and, for the Southern Hemisphere, above source distribution. The cause behind enhanced GWMF val-
the South American and African continents. These patternsies is favorable propagation conditions for GWs at these lat-
are well known from previous studies (e.giang et al.  itudes: GWs which propagate in the opposite direction to
20044 b; Preusse et al2009a Ern et al, 2011). The fact  the main wind have higher intrinsic phase velocities, larger
that the salient features are very similar for the single yearertical wavelengths and can attain higher saturation ampli-
of HIRDLS observations and the 9-year SABER average in-tudes (for a detailed discussion sBesusse et al2006.
dicates that similar patterns are formed in the various yearsn contrast, the wind reversal between tropospheric wester-
considered in this study. lies and stratospheric easterlies at mid- and high latitudes
The basic structure of the stratospheric GWMF distribu-in summer is a very effective filter which removes a large
tion is caused to a large degree by filtering and modulationpart of the GW spectrum. These studies also show, how-
of GWSs by the background winds. For instanEgn et al.  ever, that the subtropical maxima are underestimated if ex-
(2006 andPreusse et a[20093 reproduced the enhanced plained by wind filtering alone. While measurements indi-
GWMF in the winter polar vortices and also an enhancementate enhancements of about one order of magnitude in these
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presumably convective regions, modeling based on homogedespite enhanced SST values. In July, the centers of higher
neous sources can explain only enhancements of a factor ST move to the north and are located at the Gulf of Mexico
2 to 3. This indicates that sources play an important role asand the western Pacific Ocean near Asia. The GWMF centers
well. Maxima are found in active deep convection regionsare also discovered over these regions and their extent corre-
such as the Asian summer monsoon. Enhanced precipitatiosponds well with the region of warm SST. GWMF is low in
is presumably generated by strong events of deep convedhe vicinity of the Equator. Reasons may be the efficiency
tion which may excite GWsRreusse et gl2001a Ern and  of the forcing, filtering by the background atmosphere and
Preusse2012 Wright and Gille 2011). This is supported observational filter effects of HIRDLS and SABER. This is
by convective source models, which indicate a similar lon-discussed in some detail in Appendix However, although
gitudinal structure Choi et al, 2009. Accordingly, there is  the equatorial GWMF values are comparably low, they con-
some spatial correspondence between regions of enhancedbute a large part to the driving of the QBO and about half of
precipitation and high GWMF as is shown in Append@ix  the expected forcing of the QBO by GWEr( et al, 2014).
However, the correspondence is not very close for severalhis indicates that the measurements do not underestimate
reasons: firstly, GWSs spread from their source regions whilethe equatorial GWMF particularly strongly.
propagating upward. Secondly, monthly mean climatologies Sea surface temperature was previously use®ieysse
do not well distinguish intermittent strong precipitation asso-and Ern(2005 as a proxy for convection. This assumes that
ciated with deep convection from continuous drizzle. There-in regions of enhanced SST there is also an enhanced likeli-
fore, we do not use precipitation as a proxy for convection inhood of convection. This assumption is made for the tropical
the temporal correlations with GWMF. Furthermore, though region in general, but also for the warm ocean currents such
OLR was employed in a study of convective GW excita- as the Gulf Stream and the Kuroshio. By using SST, we re-
tion (Wright and Gille 2011), for our study OLR is not well  strict the investigated area to the oceans.
suited:Wright and Gille(2011) focused on the temporal evo-
lution in regions for which the dominance of deep convection
is well known. We, in contrast, are interested in a method4 Correlation analysis: technical concepts and
to identify regions where convection may be an important tests for confidence
GW source. While OLR (or cloud top height in general, cf.
alsoPreussg2001; Spang et a).2002 is a well-suited proxy  The previous section indicates that the correlation of ob-
for convective GW excitation in regions dominated by deepserved GWMF with SST can reveal convective GW sources.
convection, drifting high-level clouds make it very problem- Still, the modulation and filtering of GWs by the background
atic for global application. We discuss this in Appendix  atmosphere may have an even larger influence on the large-
Instead of OLR and precipitation, we therefore use SST ascale patterns of the global distribution than the sources have.
proxy for convection and we make this use of SST plausibleHowever, localized patterns often reveal source processes.
by first considering spatial patterns in the global distributions In this section, we introduce global maps of temporal cor-
of GWMF and SST. relation between observed GWMF and SST. By removing
The low-latitude maxima of GWMF seen in Fifj.are in  the zonal mean from these maps of correlation coefficients,
the respective summer hemisphere, i.e., in the southern sulsource processes are emphasized. Two potential reasons for
tropics in January and in the northern subtropics in July. Thismisleading correlation patterns are discussed: first we con-
is consistent with the fact that subtropical deep convectiornsider whether an enhancement in the average SST in the re-
forms predominately in the summer months. The maximagion of the ocean currents may introduce patterns. Second, a
form over the continents as well as to the east of the conhomogeneous and isotropic GW source distribution is used
tinents but not on the western coasts. to delineate the effects of filtering and modulation by the
Climatological values of SST averaged over the SABERbackground atmosphere. Differences between these simula-
period for January and July, respectively, are shown ink&ég. tions and the real data indicate the latitude ranges in which
and f. Enhanced SST due to warm ocean currents is observetie sources revealed by correlation analysis dominate. This
at the eastern coasts of the continents, and summer values agesupported by comparison against precipitation as an inde-
larger than winter values. In particular, in the subtropics of pendent quantity.
the respective summer hemisphere, GWMF is larger for re- The temporal correlations between two quantities, for in-
gions where the SST is higher than for regions where SST istance SST and GWMF, are based on monthly average global
lower (cf. Fig.4d below). In January, these higher SST valuesmaps such as the maps of GWMF shown in Fig. 1a and b.
are found in Figle and fin areas near Australia, in the South For the 9-year SABER data set, 108 such maps exist. Conse-
Pacific, and along the eastern shore of South America anduently, for each specific grid point a time series consisting
Africa. These regions correspond with high GWMF values. of 108 points is formed. This is correlated to the same time
The GWMF pattern matches the area of warm sea water vergeries of the convection proxy. In this way, we calculate a
well, especially over the South Pacific centers. At the Equa-correlation coefficient for each grid point of the global maps.
tor and in the Northern Hemisphere GWMF remains smallln cases where the maps are on grids of different spacing,
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Figure 2. Global maps of correlation coefficients from temporal correlations. Correlation between time series of GWMF and of SST from
various sources are calculated and presented in the left column. The middle column shows corresponding maps after zonal detrending. Or
the right side of the maps, an indication of confidence is given which represents the influence of sources on the distribution4(&f. Sect.

and Fig.3). In each row the indication bar deduced from the map in the middle column of this row is highlighted in black. The f{est row

f) shows correlations between HIRDLS GWMF and SST, the secondlrpg) shows correlations between SABER GWMF and SST, the

third row (c, h) presents correlations between HIRDLS GWMF and artificial SST, the fourtljdovpresents correlations between SABER

GWMF and artificial SST and, finally, the fifth ro(e, j) shows correlations between a GROGRAT simulation and SST. For details see text.

the maps with the coarser spacing are interpolated to thé.1 Correlation between observed GWMF and SST

grid with the finer spacing before calculating the correlations.

For HIRDLS the same technique is used, but with only 36 The spatial distributions of temporal correlations between

monthly maps between January 2005 and December 2003ST and GWMF from HIRDLS and SABER are shown in

forming the time series. Fig. 2a and b. In general, there are positive correlation coef-
ficients in the subtropical regions (10 to°36f both hemi-
spheres) and negative correlation coefficients at high lat-
itudes (poleward of 30). This structure reflects the large
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Figure 3. Latitude cross sections of the spatial correlation along one latitude circle between temporal correlations (black) of both observed
GWMF and GWMF simulated by GROGRAT with SST, precipitation and temporal correlations (blue dashed) of observed GWMF with
SST and the latter but corrected for the correlation between precipitation and the temporal correlation of GWMF simulated by GROGRAT
with SST (blue). The gray shading indicates where the correlation between observed and simulated GWMF (i.e., the black line) is below a
threshold of 0.5.

influence of wind filtering and wind modulation on the dis- are found at the following locations: the northwest Pacific,
tribution of GWMF in the stratosphere. In particular, the lati- around the Maritime Continent in a region extending from
tudinal structure is to a high degree given by the backgroundMalaysia and the western Indian Ocean to the north coast
wind fields. Seasonal changes of GWMF due to modulationof Australia, above the Gulf of Mexico and along the Gulf
by the zonal wind are in phase with the seasonal cycle ofStream and over the southern Indian Ocean close to Mada-
SST in the subtropics and out of phase at high latitudes. Ifgascar. By subtracting the zonal average, longitudinal vari-
higher SST/enhanced convection produces stronger GWMRability is highlighted and coherent patterns of more positive
as expected, higher SST/enhanced convection should thereorrelations due to higher SST/enhanced convection can also
fore result in more positive correlations in the subtropics, andbe followed over a larger range of latitudes, e.g., the Gulf
it should result in less negative correlations than average abtream and the KurosHipeven though the sign of the cor-
the higher latitudes. The localized effects are smaller tharrelation before subtraction of the zonal average changes at
the modulation by the winds. In order to isolate the local- around 30 latitude both for the Southern and Northern hemi-
ized patterns, we take the values from the maps shown irspheres.
the left column of Fig2, calculate the zonal means and sub-
tract these zonal mean values from these maps. Such zon-
ally detrended maps of residual correlations for HIRDLS and
SABER are shown in Fig2f and g. In regions with positive 1The correlation patterns over the Gulf Stream and the Kuroshio
residual correlations, GWMF is enhanced at the same timye oriented almost zonally and thus follow more closely the pat-
as SST (and probably convection) during an annual cycle Oterns of enhanced SST as seen in Bigather than the actual mass
other temporal variations. Patterns of enhanced correlatiomransport of these ocean currents which would be oriented more in
a northeast direction.
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Figure 4. Global maps of zonally detrended correlations between SST and GWMF as well as summer composites of precipitation and SST.
Panelqa) and(b) show zonally detrended correlations deduced from HIRDLS at 35 and 55 km altitude, the right column shows results from
SABER for 35, 55, 75, 85 and 100 km altitude. For comparison, precipitation and SST distributions are given ifcpand(gl). Both maps

show the distributions of the respective summer hemisphere, i.e., they show July values for the Northern Hemisphere and January values fo
the Southern Hemisphere.

4.2 Correlation between GWMF and artificial SST time when the SST minimizes/maximizes. Shorter or longer
time variations than the annual cycle as well as the average

After removing the zonal mean, high correlation coefficients value at this location are removed. The technical details and
closely follow the warm ocean currents. This is physically & figure visualizing the artificial SST are presented in Ap-
plausible and enhances our confidence that they reflect GVP€NdixC. _ _
sources. However, these regions also display enhanced SST Témporal correlations between observed GWMF and this
in the annual average, which might project into the corre-artificial SST are shown in Figc and d for the original cor-
lations. On the other hand, if the SST is mainly indicating "¢!ations and in Figzh and i for the zonally detrended cor-
the time of the convectively active season, patterns in corJelations. Figureh and i reproduce almost exactly the fea-
relations should be independent of the mean SST value ani!rés observed in Figf and g. This provides evidence that
the amplitude of the SST variation. In order to verify this, the agreement in the annual cycles of SST and GWMF is
an artificial SST is generated which at a given location is de-'€SPonsible for the correlation patterns. In addition, the fact
fined by a sinusoid of a 12-month period with an amplitudethat Iocal_|zed features are found in sgch regions where artifi-
of 1 and minimizing/maximizing approximately at the same cial SST is not locally structured provides evidence that these
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Figure 5. Altitude—latitude cross section ¢&) correlation andb) zonally detrended correlation between SABER GWMF and SST for
15C¢° E.

localized patterns are caused indeed by information which is Correlations between GWMF from the GROGRAT exper-
contained in the GWMF data and that they are not introducedment and SST are displayed in FRe and j. The simulated

by features in the SST. However, a few patterns in the tropicgatterns seen in Fie should largely resemble the correla-
need to be interpreted with care since close to the Equatotions from the real data in Figa and2b and the patterns
artificial SST also shows localized patterns. The most promi-in Fig. 2f should largely resemble the correlations from the
nent example is the streak of correlation between the westreal data in Fig2f and 2g, if mainly favorable propagation
ern coast of Africa and the eastern coast of South Americaconditions cause the high correlations.

This is a small-scale pattern in Fi§3b, and though it cor- As expected, we find a similar latitudinal structure of the
responds well with precipitation, it may also be caused by acorrelation without the zonal mean being removed: the sum-
comparable annual cycle in the large-scale fields and in SSTmer subtropical jets provide favorable propagation condi-
i.e., the pattern may be incidental. tions at the same time when the SST is high as well, while
at mid- and high latitudes propagation conditions for GWs
are most favorable in winter, when SST is low. After re-

. . . o _moving the zonal mean, however, the distributions are almost
As discussed above, the chief uncertainty in interpretingcompletely different: for instance, we find negative correla-
global maps of correlations in terms of sources are moduyjons ahove the Gulf Stream and the Indian monsoon region
lation and filtering of GWs by the background atmosphere.ang no recognizable pattern for the Kuroshio. Low correla-
Features which depend on latitude only are removed by subgjons at the western coasts (cold water) of North America,
tracting the zonal mean. This highlights all structures whichgg,th America, Africa and Australia are missing. Some pat-
vary with Iongitude in the maps'of resjdyal correlations. It tarng (Madagascar) are at the right longitude but wrong lat-
has been shown in previous studibafzini and McFarlane  jyde. Some tropical features, however, such as the streak
1998 Em et al, 2006 Preusse et 8120093 Geller et al.  from Africa to South America (cf. Sect.?) are similar to
2013 that the general zonal structure and the annual cyclgne features seen in observations. In addition, a feature at the

can be reproduced reasonably well by a homogeneous anfiarctic Peninsula seen in Figg can be reproduced by the
isotropic launch distribution of GWs launched in the middle GROGRAT run in Fig2j as well.

troposphere. Itis essential that the waves are launched below gjnce it is difficult to distinguish similar and dissimi-
the tropopause since the wind filtering in the tropopause req5, patterns in the two maps, we use spatial correlations in
gion is decisive for the global distribution in the stratospherey der to identify latitudes which are indicative of convec-
(Ern et al, 2008. In this study, we use the setupBfeusse tje sources. For each latitude, we correlate the longitudinal
etal.(20093 and extend it to the full 9 years of the SABER  gtrycture of the maps shown in Fi#gf. to i with the longitu-
data (for description see Se@t4). This allows us to evalu-  ging structure of Fig2j. The results are shown by the black
ate which regions with high correlations are produced by thgjnes in the respective panels of Fig. High (low) correla-

wind filtering/wave propagation effect. Only correlation pat- igng correspond with a dominant propagation (source) ef-
terns which are not generated by the propagation conditiongct.

are evidence of GW sources.

4.3 Correlation between GROGRAT data and SST
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A threshold of 0.5 (red dashed line) is used to determine Again we use correlation for a more quantitative com-
all the latitudes which are likely source-dominated. This is parison. Since the correlation maps in Fgindicate GW
indicated by gray shading. The gray shading is reproduced asources which are pronounced in summer, we compare these
an indicator of confidence to the right of the maps in Rig. maps with precipitation in summer and correlate the compos-
For each row the indicators of all four combinations shownite map shown in Figdc against the distributions in Figf
in Fig. 3 are reproduced; the one deduced from the mapto i. The result of this correlation is the blue-dashed line
shown in this particular row is given in black, the other onesin Fig. 3. The indicated correlations are only small. Due to
are shown in gray. The different indicators are largely con-oblique propagation, GWSs spread from their sources and re-
sistent. Correlation with artificial SST indicates somewhatgions of enhanced GWMF in the stratosphere are therefore
larger confidence than correlation with observed SST. Fomuch larger than regions of enhanced precipitation. In a cor-
the latitude ranges 20-608l and 0—30 S, convective sources relation analysis, high precipitation matches high GWMF in
most likely dominate the features in the maps. High latitudesthe center of a convectively active region, but at the rim of
and, in particular, mid- and high latitudes in the Southernthis region, high GWMF in the stratosphere is located above
Hemisphere may not be interpreted with confidence in termdow precipitation. The first strengthens the correlation, the
of sources. In the northern tropics, from 0 to°20 many  latter weakens the correlation. Where the regions are suffi-
features seem to be generated by the background atmosphesiently large, the center parts of the regions dominate and we
as well. This does not mean that in the indicated regions conexpect a low positive correlation. In fact we find only low
vective sources are not important (likely they are), but it doespositive values for the southern and northern subtropics and
mean that we cannot safely identify them. a lack of correlations for most other latitudes.

However, source patterns inferred from real data are still
much more similar to precipitation than a distribution gener-
ated through modulation by the background atmosphere from
a homogeneous source. We use the temporal correlation be-
So far we have used a spatially smooth proxy, SST, to identiftween GROGRAT and SST shown in Figj.as a reference,
potential source regions of convective GWSs. In addition, wewhich omits the contribution of localized sources. When we
have used a global GW simulation based on a homogeneousorrelate the distribution from Fi@j with precipitation, we
source to identify the latitudes for which the inferred sourcefind in part strong negative correlations. We use these cor-
patterns are meaningful. We now compare these source patelations as a baseline: correlation coefficients more posi-
terns to precipitation, which is a proxy with very pronounced, tive than this baseline indicate a similarity between precipi-
localized patterns. Since we have not yet used this proxytation and the inferred convective GW areas. Subtracting the
this provides an independent test for the inferred GW regiondaseline from the longitudinal correlations between observa-
dominated by convective sources. tions and precipitation results in the solid blue lines in Big.

Figure4c shows a composite of the summertime precipi- which are positive from 20 to 30N and from 10 to 40S. In
tation. The values are averaged over the respective calendaarticular, positive values are found for most regions where
month of the 9-year SABER period. Values in the Northern gray shading indicates that the correlation between SST and
Hemisphere show precipitation for July, while values in the GWMF indicates GW sources. In this way, the results from
Southern Hemisphere show precipitation for January. As disthe two measures support each other.
cussed above, precipitation is not proportional to GW excita-
tion strength, but strong precipitation in summer should pro-4.5 Summary of the technical part
vide some indication for GW excitation accordingly, on the
summer hemisphere; most major features of GWMF in theWe use SST as a proxy for the convectively active season.
stratosphere correspond with precipitation features in the troCorrelating time series of observed GWMF with SST, we
posphere in maps of individual months (cf. AppenBix We find two effects: first, a strong latitudinal structure induced
now consider this more quantitatively for the maps generatedy filtering and modulation of GWs due to the background
by temporal correlations. atmosphere and, second, localized patterns which likely cor-

Patterns in Figdc are even more localized than regions respond with source processes. We emphasize the localized
of convectively generated GWs in the stratosphere as identipatterns by subtracting the zonal mean. Resulting global
fied in Fig.2. This is expected as GWSs propagate obliquely maps of detrended correlation coefficients show particularly
and can spread away from their source considerably. For inhigh values along the warm ocean currents, such as the Gulf
stanceJiang et al(20048, Choi et al.(2009, Preusse etal. Stream and the Kuroshio, but also for the eastern coasts in
(20094 andErn et al.(201) found indications that GWs the Southern Hemisphere. These patterns are consistent for a
propagate on average several hundred kilometers polewandider latitude range despite the fact that the zonal mean cor-
between their source and the mid-stratosphere. It is thereforeelation reverses sign within this latitude range. The patterns
expected that patterns of convective GWs in the stratosphereesembling the ocean currents are physically plausible and
are larger than the patterns of sources in the troposphere. hence raise confidence in the method.

4.4 Test by independent precipitation data
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We have tested several contradictory hypotheses. First, wever 24 h. On average they found 2.8 mPa for 72 h including
correlated observed GWMF with an artificial SST which re- developing, mature and decaying stages. The simulated abso-
tains only the phase information of the seasonal cycle. Thidute GWMF is slightly larger than that observed in July 2006
test shows that the correlation patterns along the ocean cufrom HIRDLS and similar to that observed from SABER in
rents are generated by the temporal variation of the GWMRJuly averaged over 2002—-2010, as shown in EigZompari-
and are not biased by the mean values of the SST. Secondpn of GWMF from observations and numerical simulations
we have correlated a simulation based on a homogeneous always subject to uncertainties. However, the large val-
and isotropic source against SST. The results are dissimilanes simulated indicate that typhoon-generated GWSs can con-
to those from observed GWMF for latitudes 20=80and O—  tribute to GWMF in the stratosphere near major pathways
30° S. In these latitudes, we may exclude that the modulatiorof hurricanes and typhoons. The strong correlation between
of GWs by the background atmosphere causes the observe8iIST and GWMF near the Gulf Stream and Kuroshio shown
patterns. Finally, we have compared the inferred patterns oin Fig. 2 supports this possibility further, considering the pos-
GWs from convective sources with precipitation and find thatitive correlation between typhoon activity and SST in general
observed GWMF is much closer connected to precipitation(Emanuel2005 Hoyos et al.2006. On the other hand, trop-
than simulated GWMF based on a homogeneous source digeal cyclones are exceptional events and the simulated values
tribution, in particular for latitudes 20 to 80 and from 10  are not sufficiently large such that tropical cyclones could be
to 40° S. This supports the results from the confidence test. the only convective sources for GWSs in these regions.

As discussed in Sect the confidence of the correlation

patterns in the latitude range 0 to°20 is low. In this re-
5 Physical interpretation of source patterns gion we find several plausible features, but they are also con-

tained in the simulation based on a homogeneous source dis-
In the previous section it is shown that temporal correlationtribution. One reason therefore could be a dominance of fil-
of observed GWMF with SST and subtraction of the zonaltering and modulation by the background atmosphere. How-
mean reveals the spatial distribution of convective sourcesgver, in the tropics also the relationship may break down that
at least in the latitude range 2060 and 0-30S. In the  enhanced SST leads to enhanced convection: for instance,
current section we discuss the physical processes connectédere is a small region of negative correlation coefficients east

to these sources. of New Guinea. In this region SST sometimes rises above
30°C. For such high SST convection may be actually re-
5.1 Source patterns seen at 25 km altitude duced Meenu et al.2012. It is, however, also possible that

the large-scale circulation in this tropical region is of greater
In Fig. 2 patterns of high correlations are found at the east-importance than the enhanced S$eénu et al.2012).
ern coasts of the continents where warm ocean currents pre-
vall, low correlations are found west of the continents where5.2 Correlation at higher altitudes
cold ocean currents are found. Particularly pronounced pos-
itive correlations are observed along the warm SST regiondt higher altitudes the seasonal cycle of the global back-
formed by the Gulf Stream and the Kuroshio. The assumedyround winds is much stronger than at the altitude of 25 km
physical mechanism is that enhanced SST initiates convecconsidered so far. Therefore, it could be assumed that vari-
tion which in turn excites GWs, so on the one hand thisations in GWMF due to variations of the sources are atten-
could be due to a direct relationship between favorable conuated more and more at higher altitudes by the dominating
ditions for convection in these regions and excited GWs. Oneffect of the background winds and modulation due to the
the other hand, the strong correlation in these two local re-buoyancy frequency. An interesting question is therefore, up
gions as well as patterns of positive correlations in the vicin-to what altitudes can variations of the GW sources them-
ity of Madagascar and west of Australia may be partly re- selves be identified in GWMF observations, i.e., can we iden-
lated to GWSs excited by tropical cyclones, given that thesetify convectively generated waves in the upper stratosphere
regions are the major pathways of typhoons and hurricanesand mesosphere? Figuteompares the summertime values
respectively. Climatologies of typhoon tracks can be found,(July for the Northern Hemisphere and January for the South-
for instance, inKnapp et al.(2010, Hirata and Kawamura ern Hemisphere) of precipitation (Figc) and SST (Fig4d)
(20149, and references therein. The deep convection in tropiwith the temporal correlation between SST and GWMF at
cal cyclones is a well-known source of convective GWs (e.g.,various altitudes between 35 and 100 km altitude. For the cor-
Preusse2001 Kim et al, 2005 2009 visible to various relations, the left (right) column shows results from HIRDLS
satellite instruments. In the numerical modeling study of Ty- (SABER), respectively. We find that the important features,
phoon Saomai (2006im and Chun(2010 estimate the ab- such as enhanced GWMF at the eastern coasts and reduced
solute GWMF of typhoon-generated GWs at 25 km altitude GWMF at the western coasts, as well as an abundance of
for the period of 7-10 August 2006. During the developing convective GWs above the warm ocean streams, persist well
period, the GWMF reaches its maximum of about 3.5 mPaup to stratopause altitudes at least. The signal of some of the
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tropical rainbands even strengthens with altitude. This couldseasonal cycle of GWMF is reversed. This is well known
be caused by the fact that shorter horizontal wavelengths corfrom radar Hoffmann et al, 2010 and satellite observations
tribute more strongly to the GWMF at these altitudes, but it (Krebsbach and Preuss907 Preusse et 3120093 and can
could also be a coincidental mapping of the fine-scale patbe reproduced by model$i¢ffmann et al. 201Q Preusse
terns in the annual cycle of SST. Note that the test of cor-et al, 20093. At high latitudes, this is likely an effect of the
relating SST with GWMF from the GROGRAT simulation relative wind filtering of slow and fast waves, and at mid-
shows that at these latitudes propagation conditions may relatitudes oblique wave propagation may contribute as well.
sult in similar features. The global structure in Figha is consistent with this expla-
At altitudes above 55km only SABER provides GWMF. nation.
We again tested the GWMF correlation with artificial SST, The zonally detrended correlations in Figp highlight
not shown, and find robustness in the main patterns; withpatterns which are likely due to localized sources. Two max-
increasing altitude differences become larger. Between 5%ma around 15S and 15N could be both due to sources or
and 85 km many features seen at lower altitudes are lost. IImodulation of the propagation conditions by the background
the upper mesosphere/lower thermosphere (MLT), only theatmosphere (see discussion above). The maximum around
strongest features persist, i.e., for the Northern Hemisphere30° N at 25 km is due to the Kuroshio and a continuous pole-
the Gulf Stream and the Kuroshio and for the Southern Hemi-ward tilt is clearly observed. At 70 km altitude, this maxi-
sphere, Madagascar and the eastern coast of Australia. Semum is centered around 58. Some signatures between 80
eral features in the tropics, such as positive correlations aand 90 km altitude around 60! may be connected to this as
the western coasts of America and Africa, are not stablewell, but this is somewhat speculative.
They appear at 75 km altitude, but negative correlations are The poleward tilt of the convective maxima is consistent
found for 65 km (not shown) and 85km at the same placeswith previous investigations of SABER measurements and
It should be noted that even at low altitude the influence ofglobal modeling.Ern et al.(2011) showed time series of
propagation conditions is strong and, in addition, that SSTGWMF at 30 and 70 km altitude. They found that the sum-
is relatively structured. Therefore, in Sedt3 the correla- mer maxima located in the subtropics in the lower strato-
tions in tropical regions were not considered as a good insphere are observed to be shifted poleward for higher alti-
dicator of sources, even at low altitudes. At mesosphere altitudes. This shift corresponds with the poleward tilt of the jet.
tudes, tropical dynamics are dominated by tides, both migrat-The propagation of GWs from regions of pronounced con-
ing and non-migrating. Tides influence the saturated part ofvective forcing and the propagation of the waves into the
the GW spectrum via the buoyancy frequency (Pgeusse jet may also play an important role for the jets and the ex-
et al, 2001h. Correlation patterns alternating between posi- citation of the quasi 2-day wave&r et al, 2013. Pole-
tive and negative correlations with a wavelength on the ordeward propagation was identified by other observations be-
of 20 km (a typical wavelength of a tide) may therefore be anfore (Jiang et al.2004h Wu and Eckermanr2008 and can
indication of tidal modulation. be explained by oblique wave propagation of waves with a
The patterns of positive correlation above Florida and themeridional component of the wave vect@hoi et al, 2009
Gulf Stream as well as the Kuroshio seem to be graduallyPreusse et 3l20093. The effect is enhanced by the horizon-
shifted poleward between the lower stratosphere (25, 35 kmjal refraction of GWSs towards the jetBreusse et gl2009a
and stratopause (55 km) continuing into the mid-mesosphereSato et al.2009 Ern et al, 2011, Kalisch et al, 2014).
In order to show this more clearly, we present an altitude— The altitude—latitude cross section of Figa indicates
latitude cross section of the correlation and the zonally de+tidal modulation of GWs around the Equator: correlations
trended correlation for 15 in Fig.5. We chose this longi- alternate between positive and negative values for altitudes
tude for two reasons: first, it is still in the center of the region of 70 km (positive), 80 km (negative), 95 km (positive) and
of enhanced correlation due to the Kuroshio and second, at00km (negative). The structure is centered around the
this longitude there are comparatively few land masses an@&Equator and the width is around 10<=15he fact that the
we obtain a reasonably well-covered cross section. phase shifts between Fifa and b indicates that this is both
Figure5a shows the correlations between GWMF and SSTa local as well as a global phenomenon. All these facts match
for 15¢° E. Patterns are largely dominated by the propaga-the solar tides very well (e.gQberheide et gl2000.
tion conditions. In the subtropics, GWs find favorable prop-
agation conditions due to the subtropical jets in summer and,
accordingly, correlations in the stratosphere are strongly pos6 Summary and discussion
itive. At higher latitudes, GWs are filtered in summer be-
cause of the wind reversal between tropospheric westerlie€onvectively generated GWs are important for the dynam-
and stratospheric easterlies, but experience favorable propeal coupling among the different layers of the atmosphere.
agation conditions in winter when both tropospheric andIn particular, it will be helpful for further studies to identify
stratospheric winds are westerlies. Accordingly, correlationsthe contribution of convective forcing to the global distribu-
in the stratosphere are strongly negative. Around 75 km thdion of GWs solely by observations. In this way, we do not
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depend on the individual model chosen or on tuning param- — Further important sources of CGWs are in the regions
eters in the model. Identifying regions for which convective around India (Indian monsoon) and the Maritime Con-
GW excitation is an important source is a difficult task since tinent. In a small region east of New Guinea, tempera-
the GW distribution in the stratosphere and mesosphere de-  tures exceeding 3T may actually lead to reduced con-
pends on filtering and modulation of the GW spectrum by vection and an anticorrelation.
the background winds as well as on the sources. The most
promising way to isolate GW sources is therefore to correlate
time series of measured GWMF values with proxies of con-
vective forcing. We have shown in this study that convective
forcing is indicated when the temporal evolution of the mea-
sured GWMF matches the evolution of the convective proxy.
The choice of the proxy is not trivial. In this paper, we also
briefly discussed the suitability of precipitation and OLR. We
chose SST because enhanced SST is favorable for the gener-
ation of convection and because its patterns are of reasonably Based on several independent data sets, these results con-
large scales to also capture GWSs spreading by oblique wavérm that CGWs are important for the dynamical coupling of
propagation from their immediate source regions. The curthe lower atmosphere with the various layers of the middle
rent investigation is distinguished from the earlier work of atmosphere, i.e., the stratosphere, mesosphere and MLT. The
Preusse and Erf2009 in that it uses (a) GWMF, (b) a much evidence is based on observations and largely independent of
longer time series and (c) data up to the MLT. The global dis-modeling and model assumptions. The evidence presented
tribution of the temporal correlation of GWMF with SST was shows that, in contrast to earlier implementatioBeres
investigated. While the latitudinal structure is to a large de-et al, 2005, CGWs are also important for mid- and high lat-
gree given by the background winds, the structure in the lon4tudes, for instance over the Gulf Stream and the Kuroshio.
gitudinal direction is primarily given by the sources, in par- In a changing climate, SST riseéByrkey and Johnsp201Q
ticular in the latitude ranges of 20-6R and 0-30S. This  Balmaseda et 3l2013 and hence, at a first glance, a stronger
is corroborated by a detailed discussion of the data and byorcing of CGWs would be expected. The region east of
means of artificial SST data and modeling results from a 9-New Guinea, however, may be an example that from a cer-
year global GW ray-tracing run. We therefore isolated sourcetain point, CGWs would even be reduced if a SST thresh-
effects by subtracting the zonal mean values from the correeld of 30°C is exceeded. Also, although convective GW ex-
lation results. citation may become more frequent, deep convection may
The main findings of our analysis are decrease. The example of the ITCZ shows that in this case
GWMF, at least the part visible to satellites, would decrease
— The results from 3 years of HIRDLS and 9 years of o5 \ye||. comparisons of different climate models (Coupled
SABER agree very well. Obviously, the patterns due yjqde| Intercomparison Project Phase 5) indicate that the fu-
to the annual cycle are quite stable and are much morg,re gevelopment of convection and its organization is highly
strongly pronounced than interannual variability. uncertain. However, parameterized CGWs should change in

— Warm ocean currents are a major cause of convectivéccordance with the changes in precipitation and its organi-
GWs over ocean. We find. both for the Northern and Zation. Reliable climate predictions need to include the full
the Southern hemispheres, enhanced convective graimate feedback of CGWs by appropriate implementation
ity wave (CGW) activities along the eastern coasts of of CGW excitation in climate models. The experimental data
the continents above warm ocean currents and reduceg®tS described here can help to constrain such CGW parame-

CGW activities along the western coasts of the conti- €/1zations.
nents above cold ocean currents. This effect might not

be caused by SST alone; the tropospheric circulation

might contribute as well.

— Correlation patterns are very stable up to at least 65 km
altitude. Some weaker patterns are lost between 75 km
and 85 km altitude, but the salient features of the Gulf
Stream and the Kuroshio can be observed even in the
MLT.

— There seems to be a poleward shift of convective pat-
terns due to obliqgue wave propagation.

— The warm ocean currents in the Northern Hemisphere
are much stronger than the warm currents in the South-
ern Hemispherelghikawa et al. 1997. Accordingly,
the patterns of the Gulf Stream and the Kuroshio are
the clearest signature in the global maps.
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clouds, they could still be a suitable proxy globally. There-
fore, we investigated the suitability of OLR as a convective
proxy in Fig.Al.

Figure A1 shows the global map of the temporal corre-
lation between OLR and precipitation (see Seki. for a
description of the method). The higher the cloud top is, the
lower is the corresponding tropospheric temperature, and the
smaller is the OLR. Thus, we expect strong negative corre-
lation between OLR and precipitation where OLR is a good
proxy for precipitation and no correlation or even positive
correlation for regions where OLR is a poor proxy for pre-
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relations between OLR and stratospheric GWs. The region
Figure Al. Global map of the temporal correlation between OLR around Florida shows good, though not excellent, correla-
and precipitation. In regions where OLR is a good proxy for con- tion between OLR and precipitation. Correlations are zero
vection, a strong negative correlation is expected. or even positive, however, in the North American monsoon
region around California, a region whevéright and Gille
(201)) also failed to explain stratospheric GWs by OLR. In
Appendix A: Suitability of OLR as a proxy for convective general, in the extratropics the picture is very mixed with
GW excitation strong positive (that is poor) correlation for instance over the
whole North American continent; even in the vicinity of the
The term outgoing long-wave radiation (OLR) denotes in- Equator there are some regions where the correlation breaks
frared radiation observed from the top of the atmospheredown. As a whole, this makes OLR an unsuitable proxy for
for instance from a satellite, for nadir observation geometry.a global survey by temporal correlation.
In general, that is, with the exception of polar stratospheric
clouds (PSC), it is dominated by radiation from the tropo-
sphere. As tropospheric temperature decreases with altitud&ppendix B: Spatial co-location of GWMF and
OLR can be taken as a measure of the effective source alprecipitation
titude of the radiance. In particular, in the presence of opti-
cally thick clouds, OLR may be converted into a measure ofSpatial correspondence between GWs and precipitation has
the cloud top altitude. High cloud top altitudes may indicate been discussed before in several studies. We here show the
deep convection. Accordingly, high cloud top altitude hascorrespondence for the GWMF data used in this study. In
been used as a proxy for convective wave generation in preFig. A2, the global distribution of average diurnal precipi-
vious studiesRicciardulli and Garcia200Q Preussg20073, tation (color) is compared with GWMF at 25km (contour
Spang et a).2002 Wright and Gille 2017). Strong convec- lines). The upper left panel shows HIRDLS data and pre-
tion generates high-reaching clouds, but high-level cloudscipitation in January 2006, and the upper right panel shows
may be also generated by different processes, as the extrentiRDLS data and precipitation in July 2006. In the lower
example of PSCs elucidates. In studies which focus on monrow, SABER data and precipitation are averaged for the re-
soon regions, convective clouds dominate. In addition, inspective January and July values for the years 2002 to 2010.
their outflow high-reaching convective clouds generate drift-In January, in the Southern Hemisphere, maxima of GWMF
ing high-level clouds (e.gSpang et a).2002. These clouds are found for South America, Africa and Australia, the latter
are opaque at high altitudes, i.e., cause low OLR values, buéxtending over the ocean further to the east and even exceed-
do not indicate convection and the corresponding latent heaing the dateline, up to 150V. These maxima correspond
release which could excite GWSs. In the convective region it-well with maxima in rainfall at the same longitudes and sim-
self, the time dependence on scales of weeks or months is théar latitudes. A main band of precipitation in the vicinity of
same and temporal correlation in these regions works welthe Equator does not correspond with any maxima in GWMF,
(Wright and Gille 2011). In the tropics, a threshold may be however. We will discuss this low GWMF in the tropical
employed to identify only very deep convectidri¢ciardulli regions below in this section. In the subtropical band GWs
and Garcia200Q Preusse200]). However, thresholds do are Doppler-shifted by the subtropical jet to higher intrinsic
not identify convective clouds with lower cloud top heights phase speeds and therefore gain larger vertical wavelengths
which release latent heat and may therefore generate conveand larger amplitudes. In general, the location of the GWMF
tive GWs nor can they be easily applied for the extratrop-maxima appears to be shifted about 5 t6 $46uthward with
ics. However, if convective clouds dominate other high level respect to the precipitation maxima.
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Figure A3. Visualization of the artificial SST generated from the annual cycle component of a fit to real SST data (for details see text).
Panel(a) shows the calendar month when the annual cycle takes its maximum(ppsiebws, for the example of July, the global distribution
reconstructed from the annual cycle. Since the amplitude is normalized to 1 everywherébpeloskly matches the structures of pafag)

the distribution for January is the inverse of pafigl

In July, in the Northern Hemisphere, we again find an maximum is much more strongly pronounced than the max-
equatorial band of precipitation which has no counterpartimum over North America. However, it should be noted that
in GWMF. Further to the north, we find precipitation over the maximum over the southeast United States (i.e., centered
the Gulf of Mexico (in particular in the vicinity of Florida) around Florida) extends to 48l in Fig. A2 and is therefore
and in the Asian monsoon which corresponds with centers obnly partly represented in the 10 to°3Q average presented
GWMF. Precipitation in the Asian monsoon is stronger, butby Wright and Gille (2011). In general, for the Northern
the GWMF corresponding to these two convective centers iHemisphere, the location of the GWMF maxima appears to
of approximately equal strength. A third weaker maximum is be shifted poleward with respect to the precipitation maxima.
observed over Africa. All three maxima are also identified by  Discrepancies between the location of precipitation (or
Wright and Gille(2011). They found that the Asian monsoon diabatic heating) maxima and the location of the GWMF
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maxima in the stratosphere can be explained by three fac30°C. This explains why the bulk of tropical precipitation
tors. First, GWMF at the cloud-top level is determined by is observed in a narrow band slightly north of the Equator.
the basic-state wind, the buoyancy frequency from the surHowever, the characteristics of the excited GWs varies (e.g.,
face to the cloud top and the vertical structure of convectiveSalby and Garcial987 Chun and Baik1998 Beres et al.
sources. In the model &ong and Chui2005), thisisreal- 2004 with the altitude distribution of water vapor condensa-
ized by a spectral combination of the convective source and &ion and hence latent heat release in the clouds as well as with
wave-filtering and resonance factor (WFRF). Much smallerthe temporal and spatial scales of the clouds. For instance,
(larger) values of WFRF in the ITCZ (in the subtropics) re- Kodama et al(2009 showed that a large percentage of the
sult in weaker (stronger) GWMF near the Equator (subtrop-rain in the ITCZ is stratiform rain. On the other hand, the rel-
ics). This has been shown clearly Bhoi and Chur{201%, ative importance of regions such as the western Indian Ocean
Fig. 7), Choi and Chun2013 Fig. 2) andChoi and Chun  or around Florida for the total distribution is far larger if only
(2014 Fig. 9). rain from deep convection is considered than they are in the
Second, filtering by the background flow from the cloud distribution of total precipitation. The strong dominance of
top to the target height can cause differences between thihe ITCZ in total precipitation therefore is not necessarily
locations of the GWMF maxima and precipitation maxima. reflected in GWMF. This is partly supported by the model-
In particular, changes in the background wind in the equa4ing work of Beres et al(2005 (cf. their Fig. 1), which pre-
torial middle atmosphere with various timescales, such adglicts larger heating depths and more significant heating am-
semiannual and annual cycles and QBO, allow different partplitudes for the subtropical region€hoi and Chun(2013
of the whole GW spectrum, presumably generated by conalso demonstrated that the WFRF in the subtropics makes
vective clouds, to propagate to the target altitude. This isthe cloud-top GWMF larger than that in the tropic regions
strongly dependent on the location. Therefore, it is necessarwhere stronger diabatic heating exists.
to jointly consider the changes in convective source spectrum Shorter vertical wavelengths could, in addition to wind
and background flow in order to explain the observed GWMFmodulation, explain why we observe very low values of
precisely. GWMF along the ITCZ. Should the vertical wavelength (and
Third, oblique propagation of GWs can cause the differ- horizontal phase speed) of the GWs excited in the ITCZ re-
ence between the source region and observed GWs in thmain small, these waves would have low saturation ampli-
middle atmosphere. GWs propagate horizontally as well agudes and hence not be very important in the stratosphere.
vertically, and this causes the difference between the sourcklowever, it is also conceivable that the waves are impor-
location in the troposphere and the observed GWs in thdant but difficult to observe. If the horizontal wavelength
middle atmosphere. This has been shown from observationsf the waves were to be smaller than 100 km, they would
(Jiang et al.2004h Ern et al, 2011, 2013 as well as mod- be observed by a limb sounder only with a very fortunate
eling studies Choi et al, 2009 Preusse et gl20093. For observation geometry (cPreusse et al2002 Alexander
instance Song and Chui2008 developed a ray-based con- et al, 2010. However, not only limb sounders miss find-
vective GW drag parameterization and showed that GWs thaing a tropical GW maximum; satellite observations using
are launched at tropical locations generated by convectivaadir and sub-limb geometry also do not detect a pronounced
sources with 201 wave packets in the west—east and northGW maximum over the ITCZ. For example, low GW activ-
south directions propagate more tharf 2@rizontally in the ity above the ITCZ is retrieved from techniques such as mi-
middle atmosphere within 1 day of integration of the Whole crowave sub-limb observations by ML$I¢Landress et a|.
Atmosphere Community Climate Model. This demonstrates200Q Jiang et al.2004b and nadir-viewing infrared obser-
a likelihood of a significant horizontal departure of GWSs vations by AIRS Choi et al, 2012. Their absence in all
from their source location during their propagation into the space observations would therefore confine the wavelengths
middle atmosphere, which is shown in FAR. The relative  of GWs in the ITCZ, if present, to both short vertical and
influence of source and propagation is discussed in detail irshort horizontal scale$¢eusse et gl2008. In a modeling
Sect.4.3, oblique propagation is discussed in S&cR study,Choi et al.(2012 predicted that in the tropics, GWs
The pronounced precipitation maximum of the ITCZ does could be difficult to observe. As there are free parameters
not correspond with a maximum in GWMF, neither in the in the global parameterizations of convective GW excitation,
SABER or HIRDLS data nor in data of the Microwave Limb the predicted visibility of the waves is subject to tuning as
Sounder (MLS) or of infrared nadir observations by the At- well.
mospheric Infrared Sounder (AIRS). Different explanations
for this puzzling fact were offered by several studies, which
are briefly summarized below.
Previous studies (e.gzhang 1993 revealed that tropi-
cal deep convection remains weak and is rarely observed for
a SST of less than 2& and that the frequency and mean
intensity of deep convection increase with SST from 26 to
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Appendix C: Construction of the artificial SST variations shorter or longer than the annual cycle and the
_ o _ _ mean value and the trend are removed. The artificial SST data
Technically, the artificial SST is constructed by first perform- are constructed by calculating the sinusoid for all times in the

ing a regression to the function investigated period (2002—2010) using an amplitude o 1
o instead of the true amplitude. FiguA& shows the phase of
Y=Ao+B-t+C- sin(— 4 D) , (C1) the annual cycle of SST in terms of the month in which the
S largest SST is reached. Outside the tropics, SST attains its

maximum shortly after the solstice. Global maps for the in-
dividual months are constructed from the sinusoidal fits. As
an example, the map for July is shown in FAgb. Using an

whereY is SST,Ag is an offset,B is the trend(C is the am-
plitude of the oscillationp is the phase componerdt,is the

dominant frequency (in this case, 12 months) amstime. ) o o
The variablesAg, B, C and D are determined via a least- amplitude of PC, SST values vary betweerl and I°C. It

squares fit applied to SST data between 1981 and 2011. Fror?{]ou'd be noted that with the exception of a few signatures
this fit, we reconstruct an artificial S, by using only the close to the Equator, overall features are dominated by large-

sinusoid scale variations.

2
Yazsin<?” -t+D>. (C2)

The artificial SST hence represents the amplitude-
normalized annual cycle of the SST. In other words, this term
represents a sinusoid of a 12-month period with an ampli-
tude of 1 and minimizing/maximizing approximately at the
same time when the SST minimizes/maximizes. Temporal
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