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Abstract17

The concept of a global monsoon system collectively comprised of 6 tropical regions is18

applied to Outgoing Longwave Radiation (OLR) as a proxy for convectively-generated19

gravity waves (GWs), leading to the global monsoon convective system (GMCS). The20

6 tropical regions are North and South Africa, Central and South America, and the South21

Asia-Pacific and Malay Archipelago/Australia-Pacific regions. The extended GMCS is22

considered in terms of gravity wave momentum fluxes (GWMFs) at 30, 50, 70 and 9023

km altitude during the summer season in both hemispheres between December, 2016 and24

August, 2020. The GWMFs are inferred from TIMED/SABER temperature measure-25

ments. Inter-monthly, inter-seasonal and inter-annual variations in monthly-mean GWMFs26

are interpreted in terms of OLR as a proxy for the spatial-temporal variability of GW27

sources, and in terms of MERRA2 zonal winds that quantify the influences of changes28

in background propagation conditions. It is found that temporal variations in GWMFs29

associated with the GMCS as a whole are not highly correlated with OLR, but at 30,30

50 and 70 km are quantitatively linked to Doppler-shifting effects by local winds, wind31

filtering at 15 km altitude, and “instrument filtering”. These effects are also compared32

and examined in the context of GW variances at 50 km in Southern Hemisphere sum-33

mer measured by the CIPS instrument on the AIM satellite, which measures a differ-34

ent part of the GW spectrum. The SABER GWMF response at 90 km is irregular and35

variable, but sometimes consists of 3- and 4-peaked structures in longitude that may re-36

flect non-migrating tide influences on GW propagation conditions.37

1 Introduction38

Broadly speaking, the Global Monsoon System (GMS) is the tropical response of39

the coupled atmosphere-land-ocean-cryosphere-biosphere system to the annual variation40

of solar radiative forcing (e.g., see review by Wang et al., 2011, and references therein).41

Associated with this solar-driven divergent circulation (Trenberth et al., 2000) that is42

modulated by land-sea differences are “wet summer” and “dry winter” seasons that mi-43

grate between the hemispheres. Consequently, given the availability of satellite-based global44

measurements of precipitation, rainfall rates (RR) are often used to quantify the latitude-45

longitude and seasonal distribution of the GMS, either through the use of empirical or-46

thogonal functions or by depicting the “annual range (AR)” of precipitation in some way.47

AR refers to the local summer-minus-winter precipitation, i.e., June-July-August (JJA)48
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minus December-January-February (DJF) precipitation in the Northern Hemisphere (NH)49

and DJF minus JJA in the Southern Hemisphere (SH).50

Also contained within the GMS, and closely associated with high RR, are regions51

of intense convection, updrafts and latent heating that serve as excitation sources for grav-52

ity waves (GW). In this paper we apply the concept of AR to satellite-based measure-53

ments of outgoing long-wave radiation (OLR) to delineate the global distribution and54

variability of convectively-generated GWs associated with the GMS as a whole. The ma-55

jor focus is to explore the vertical extension of the GMS to higher altitudes in the form56

of GWs, including the effects of filtering and Doppler-shifting of the GWs by the back-57

ground wind field. GW responses at 30 km, 50 km, 70 km and 90 km altitude are in the58

form of GW momentum fluxes (GWMFs) estimated from limb temperature measure-59

ments during 2016-2020 made by the Sounding of the Atmosphere using Broadband Emis-60

sion Radiometry (SABER) instrument on the Thermosphere Ionosphere Mesosphere En-61

ergetics and Dynamics (TIMED) satellite (Ern et al., 2011, 2018). The time period is62

specifically chosen to overlap with measurements of convectively-forced GWs from the63

Cloud Imaging and Particle Size (CIPS) instrument on the Aeronomy of Ice in the Meso-64

sphere (AIM) satellite (Randall et al., 2017) at 50 km altitude. The CIPS/AIM mea-65

surements were the focus of a similar study by Forbes et al. (2021), which however is con-66

fined to the SH and involves a different scale of GWs than those considered here.67

The wider importance of better understanding vertical coupling due to convectively-68

generated GWs rests in the fact that convectively-generated GWs represent an effective69

means of re-distributing energy, momentum and variability throughout the atmosphere,70

even to satellite altitudes (Liu et al., 2014; Liu et al., 2017; Park et al., 2014, Trinh et71

al., 2018; Yiğit and Medvedev, 2015; Yiğit et al., 2009; Vadas and Liu, 2009; Vadas et72

al., 2014). A number of prior works have derived GW-related properties in the strato-73

sphere and/or mesosphere from satellite-based data and made connections with convec-74

tive GW sources using OLR as a proxy (e.g., Ern et al., 2011, 2017, 2018; Fetzer and Gille,75

1994; Hoffman et al., 2013; Jiang et al., 2004; Mclandress et al., 2000; Wright and Gille,76

2011; Wu and Waters, 1996; to name just a few representative examples). These stud-77

ies mainly focused on seasonal averages, and often did not quantify source-response re-78

lationships. The distinguishing features of the present study are that we explore the global79

GW response to the GMS at several altitudes within the middle atmosphere, with par-80
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ticular focus on inter-monthly and inter-annual variability, and including the role of back-81

ground winds on the nature of the response.82

The following three sections respectively briefly summarize the data used for the83

present study; demonstrate how the GMS is manifested in the stratosphere, mesosphere84

and lower thermosphere in terms of GWMFs; and quantify the observed GWMF vari-85

ability in terms of variability in OLR and background winds between the source and the86

altitude of observation. Section 5 provides a brief summary and conclusions.87

2 SABER GW measurements and auxiliary data88

SABER is an infrared (IR) limb sounder that was launched into a 625 km 73◦ in-89

clination orbit on the TIMED satellite on 7 December 2001, and is still acquiring data.90

Among other parameters, SABER provides temperature–pressure profiles of the atmo-91

sphere from approximately 20 km to 110 km altitude based on the 15µm emission of CO2.92

SABER views the atmosphere 90◦ to the satellite velocity vector so that latitude cov-93

erage on a given day extends from about 50◦ latitude in one hemisphere to 82◦ in the94

other. This viewing geometry alternates once every 60 days due to 180◦ yaw maneuvers95

such that latitudes within ±50◦ are covered continuously at 30 longitudes per day if as-96

cending and descending orbit legs are both considered. The methodology for deriving97

gravity wave parameters including GWMFs from SABER measurements is described in98

Ern et al. (2004, 2011, 2018). SABER measurements are only sensitive to GWs with λH ≳99

100-200 km and λz in the range ∼ 4 to 25 km. The uncertainty in λH and lower-end value100

of 100 km pertain to the shorter-scale waves that propagate obliquely to the satellite path,101

and that project as longer-scale waves in the measurements. The uncertainty in λH leads102

to at least a factor of 2 uncertainty in GWMF. The GWMFs are calculated within 20◦×103

30◦ latitude × longitude bins, each bin slid 5◦ in latitude and 10◦ in longitude to yield104

a final 5◦×10◦ latitude × longitude grid. Calculations of GW parameters such as tem-105

perature variances, temperature squared amplitudes and potential energy per unit mass106

were also possible using smaller (10◦ × 15◦) bins and a finer (2.5◦ × 5◦) grid, but dif-107

ferences in their spatial distributions from those of GWMFs were not sufficiently differ-108

ent to warrant their use in the analysis, rather than the more physically relevant GWMF.109

–4–



manuscript submitted to Geophysical Research Letters

3 Manifestations of the GMS from the troposphere to the mesopause110

(ca. 90 km)111

Although the global monsoon system is more commonly delineated in terms of RR,112

we have chosen here to delineate the global monsoon convective system (GMCS) in terms113

of OLR under the assumption that OLR is more indicative of deep convective sources114

of GWs (Jia et al., 2014). Figure 1(a) depicts the AR of the GMCS in terms of OLR (Lieb-115

mann and Smith, 1996), where we define the AR to be (JJA-DJF)/(JJA+DJF) in the116

NH, and (DJF-JJA)/(JJA+DJF) in the SH. The data analyzed extend from December,117

2016 through August, 2020. Note that lower OLR (colder cloud-top temperatures) cor-118

respond to more vigorous convection (and presumably more intense GW generation), and119

to darker red hew in the color scale. For later quantitative analysis, six regions of en-120

hanced convective activity are indicated by the boxed regions and include North and South121

Africa (NAf and SAf), Central and South America (CAm and SAm), the South Asia-122

Pacific (SAP) region and the Malay Archipelago/Australia-Pacific (MAP) region. The123

latitude × longitude boundaries of these boxes are provided in Table 1 of the Support-124

ing Information, and were arrived at by objective visual analysis with the goal of defin-125

ing areas wherein mean OLR values would be representative of the inter-annual, intra-126

annual, and geographical variations of GW source intensity attached to each one.127

Figure 1(b) illustrates AR defined in the same way, except for RR from the Global128

Precipitation Measurement Mission (GPMM, Huffman et al., 2014). The RR distribu-129

tions are not as localized and well-defined as OLR, since they do not distinguish the mon-130

soon climate from arid and semi-arid or Mediterranean climate regimes, or from equa-131

torial perennial rainfall Wang et al. (2011). Additional restrictions can be placed on the132

AR values for RR to tighten and better define the monsoon precipitation domain (e.g.,133

Liu et al., 2009; Wang and Ding, 2006; Wang et al., 2011). However, such additional re-134

strictions do not appear to be necessary for OLR.135

Figures 1(c)-1(f) depict the AR for gravity wave momentum flux (GWMF) esti-136

mates derived from the SABER temperature data as described by Ern et al. (2011, 2018),137

for altitudes of 30 km, 50 km, 70 km and 90 km, respectively. These latitude × longi-138

tude distributions do not differ appreciably from those based on temperature variance,139

T2, or potential energy (not shown). The GWMF distributions at 30 km, 50 km and 70140

km also include boxed regions wherein average values can be defined that represent the141

GW “responses” corresponding to the mean “source” regions depicted in Figure 1(a),142
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for later quantitative analysis of source-response relationships. The latitude × longitude143

boundaries of these boxes are also listed in Table 1 in the Supporting Information along144

with those of OLR, and were defined keeping mind that some slight latitude-longitude145

movement of the GWMF response regions occurred from month to month.146

At 30 km (Figure 1(c)) the latitude × longitude distributions of GWMF mirror those147

of OLR, except are broadened zonally and meridionally with respect to the source dis-148

tributions, a natural result of oblique GW propagation and the latitude × longitude res-149

olution of the GWMFs. Note that the elongated GWMF structures in the Indo-Pacific150

region suggest a connection with both the land-mass and oceanic components of the SAP151

and MAP regions designated in Figure 1(a), and this is why the boxed “source” regions152

have been defined as such. If the oceanic regions were not a significant source of GWs,153

then it is supposed that the longitudinal structures would look more like the CAm/SAm154

pair. A similar connection to an oceanic convective source is indicated in the CIPS GW155

variances at 50 km in the SH monsoon study by Forbes et al. (2021; see their Figure 1),156

designated there as the South Pacific Convergence Zone (SPCZ).157

The GWMFs at 30 km are shifted poleward with respect to the source regions iden-158

tified in Figure 1(a). The 50 km and 70 km GWMF distributions in Figures 1(d) and159

1(e) mirror those at 30 km and are shifted further poleward. The poleward shift of GW160

signatures with respect to convective source regions has been noted in other data sets161

and ray tracing studies (e.g., Chen et al., 2019; Choi et al., 2009; Forbes et al., 2021; Jiang162

et al., 2004; Kalisch et al., 2014; McLandress et al., 2000; Sato et al., 2009; Thurairajah163

et al., 2017; Trinh et al., 2016; Yasui et al., 2016). The broad consensus of these authors164

is that waves launched from tropical convective sources follow a slanted propagation path165

formed by westward winds of the summer mid-latitude jet that increase with height and166

latitude, Doppler shifting them to longer vertical wavelengths, increased intrinsic frequen-167

cies and phase speeds, and larger saturation amplitudes. In specific terms, meridional168

wind gradients can refract GW horizontal wavenumber vectors such that their merid-169

ional component strengthens (Preusse et al., 2009; Sato et al., 2009). At the same time,170

the appearance of GWs at any given background wind speed is modulated by the ob-171

servational limits of the particular instrument at hand, which may increase or decrease172

their observability. The term “observational filter” was coined by Alexander et al. (1998;173

see also Alexander et al., 2010) to describe this effect. Choi et al. (2009) and Preusse174
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et al. (2009) also suggest that the poleward spread of GWs may also be affected by their175

launch direction at the source.176

In terms of observability, at this point it is worth mentioning the particular sen-177

sitivity of GWMF saturation amplitudes to Doppler shifting vis-a-vis a power of 3 de-178

pendence on vertical wavelength (e.g., Preusse et al., 2006). In the following section, the179

modulation of GW saturation amplitudes by Doppler shifting will be invoked to explain180

the change in correlation between GWMF and local wind speeds between 30, 50 and 70181

km altitude. See also Ern et al. (2015) where a similar line of thinking was put forth in182

the context of the stratopause semiannual oscillation.183

Finally, it is noted that the wave-3 GWMF structure between 5◦N and 35◦N at 90184

km (Figure 1(f)) is consistent with the analysis of daily SABER GWMFs during the NH185

summer of 2007 by Thurairajah et al. (2017), who convincingly demonstrated a simi-186

lar progressively poleward shift to higher latitudes tied to the easterly summer jet. This187

wave-3 structure is thus plausibly interpreted in terms of a further poleward shift of the188

structure at 70 km, although no supporting wind information between 70-90 km is avail-189

able to support this conjecture. What is notably missing at 90 km is the South Asia part190

of the SAP response that exists at lower altitudes between about 5◦-30◦N and 60◦-120◦E.191

Examination of GWMFs at 90 km for individual months (see Supporting Information)192

reveals that there exists a minimum in GWMF, variable in its extent and specific loca-193

tion from month to month, within the broad 0◦ to 30◦N and 45◦-135◦E region, that ap-194

pears to account for this feature in the AR. At the same time, there is no depletion in195

GW forcing as reflected in OLR (see Supporting Information). This level of spatial and196

temporal variability that is specific to 90 km suggests a connection with variable prop-197

agation conditions. In the SH, there is no clear poleward extension of the SH GWMF198

wave-3 structure, but instead a 4-peaked structure, well-correlated spatially to the AR199

in OLR in Figure 1(a), but indicating summer DJF-minus-JJA deficits in GWMF be-200

tween the equator and 20◦S. The SH latitude-longitude structures also exhibit signifi-201

cant inter-monthly and inter-annual variability compared to 30, 50 and 70 km. These202

differences from behaviors at lower altitudes suggest that additional factors may be at203

play at 90 km. Further discussion of GWMFs at 90 km is deferred to Section 5.204
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4 Quantitative analysis of GWMF variability attached to the GCMS205

4.1 SABER GWMF at 30, 50, and 70 km206

In keeping with the overall theme of this paper, we now investigate the GW response207

of the global monsoon convective system as a whole to inter-monthly, inter-seasonal and208

inter-annual variability in sources and the propagation environment. In addition to other209

attributes of OLR over RR noted above, OLR is also chosen as the preferred proxy for210

GW source distributions since OLR exhibits a better correspondence with distributions211

of GWMF. For instance, in the vicinity of South America in Figure 1(b), where there212

are 3-4 maxima in RR, there is just one maximum associated with the Brazil-Bolivia re-213

gion with respect to both OLR and GWMF (i.e., compare Figures 1(a) and 1(c)). To214

complement the GW source regions alluded to in Section 3, the responses are determined215

by the mean GWMF values within the boxes at 30 km, 50 km, and 70 km as defined in216

Figures 1(c) to 1(e), respectively.217

The propagation environment is defined in terms of monthly-mean zonal-mean zonal218

winds from MERRA2 (Modern-Era Retrospective analysis for Research and Applications,219

Version 2) at 15 km, 30 km, 50 km, and 70 km. To serve as a later reference and guide220

for discussion, the JJA-mean and DJF-mean MERRA2 zonal winds averaged over 2016-221

2020 are shown in Figure 2 as a function of height (0 to 70 km) and latitude (45◦S to222

45◦N). The latitudinal extents of the boxes illustrated in Figure 1 are denoted in Fig-223

ure 2 with white lines, which also provide a sense of the propagation channel followed224

by the bulk of the GWs. Figure 2 also contains similar depictions from the climatolog-225

ical Horizontal Wind Model 2014 (HWM14, Drob et al., 2015), which will be used in con-226

nection with discussion of the GWMF results at 90 km. As shown below, inter-monthly227

and inter-annual variability of U with respect to the Figure 2 climatological means are228

large enough to enable quantification of wind filtering and Doppler-shift effects on the229

GWMFs.230

As detailed by Preusse et al. (2004) in the context of GW variances in Cryogenic231

Limb Array Etalon Spectrometer (CLAES) temperature measurements on the Upper At-232

mosphere Research Satellite (UARS), there are both wind filtering and local Doppler-233

shifting effects to be considered in evaluating GW distributions above the troposphere,234

as well as instrumental limitations. Their study showed that temperature variances at235

45 km altitude were better correlated with zonal-mean zonal winds U at 25 km than those236
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at 45 km, suggesting the importance of wind filtering at the lower heights. On the other237

hand, in the context of GWs originating over SAm, Forbes et al. (2021) demonstrated238

a strong connection between GW variances at the stratopause (∼50 km) and local zonal-239

mean winds, indicating that Doppler shifting by the westward jet was a controlling fac-240

tor. This prompted us to consider both effects in the following analysis of SABER GWMFs241

within the GMCS. A comparative analysis between the Forbes et al. (2021) AIM/CIPS242

GW variances and those derived from the TIMED/SABER measurements for SAm is243

also presented to provide further insight into how the “observational filter” constraints244

of the two instruments relate to interpretation of wind effects.245

Figure 3 illustrates the outcomes of our analysis. Each colored dot represents a monthly-246

mean value averaged over the areas displayed in Figure 1 (SAf (black), NAf (green), SAP247

(orange), MAP (dark blue), CAm (red), SAm (light blue)), and the accompanying stan-248

dard deviations (at 1/10th their true size to enable readability) represent the variabil-249

ity in GWMF values over those areas. The 6 steps in our analysis are illustrated in Fig-250

ures 3(a)-3(f) in the form of scatter plots and linear fits for the 30-km GWMF data, and251

a subset is provided in Figures 3(g)-3(i) for 50 km and in Figures 3(j)-3(l) for 70 km. Fig-252

ures 3(a)-3(f) show, respectively: GWMF vs. OLR showing a very small correlation (cor-253

relation coefficient R = −0.10); GWMF vs. U at the GWMF observation altitude, zmU254

(R = −0.70); GWMF vs. U at 15 km, zmU15 (R = −0.50); GWMF vs. 2-parameter lin-255

ear fit GWMFfit = c + a*OLR + b*zmU (R = 0.71); GWMF vs. 2-parameter linear256

fit GWMFfit = c + a*OLR + b*zmU15 (R = 0.63); GWMF vs. 3-parameter linear fit257

GWMFfit = c + a*OLR + b*zmU +d*zmU15 (R = 0.85). For these results and all forth-258

coming at 50 km and 70 km, no significant differences were obtained when zmU15 was259

replaced by zmU12 or zmU25, except for GWMF at 30 km when zmU25 is used. This260

exception exists because zmU25 is somewhat correlated with zmU30 (R = 0.44). On the261

other hand, zmU15 and zmU30 are not well correlated (R = 0.19). Additionally, insignif-262

icant differences were obtained when U is replaced with the zonal wind averaged over263

the local latitude × longitude area corresponding to GWMF; therefore, U and the ref-264

erence altitude of 15 km for assessing wind filtering effects are used throughout.265

Although there is obvious spatial correlation between enhanced regions of OLR and266

GWMF (see Figure 1), the result in Figure 3(a) suggests that little of the temporal vari-267

ability in GWMF is correlated with OLR. On the other hand, an appreciable amount268

of GWMF variability is associated with the local zmU (Figures 3(b) and 3(d)) and to269
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some extent zmU15 (Figure 3(c) and 3(e)), indicating that local Doppler-shifting and270

wind filtering at lower altitudes, respectively, are influencing the measured GWMF at271

30 km. It is interesting to note that OLR variability does exert some influence when com-272

bined with zmu15 in a 2-parameter linear fit, increasing the correlation coefficient from273

R = −0.50 to R = 0.63; i.e., compare Figures 3(c) and 3(e). (The reader is reminded that274

a negative correlation between GWMF and OLR is expected on physical grounds. Lower275

values of OLR identify with colder cloud-top temperatures, stronger convection, and pre-276

sumably stronger GWs and GWMF values.) Taking R2 as a measure of the variance cap-277

tured by the fit, these correlations translate to an increase from 25% to 40% of the vari-278

ance captured by the fit. Finally, combining OLR, zmU15 and zmU30 together in a 3-279

parameter fit, 72% of the variance (R = 0.85) can be captured (see Figure 3(f)).280

Deeper insights can be gained through further examination of Figures 3(b) and 3(c),281

and Figure 2. Following the propagation channels formed by the upward progression of282

white lines in Figure 2, below 30 km the range of mean winds encountered by GWs prop-283

agating upward from the source region between ±20◦ latitude is ∼ -35 ms−1 to +8 ms−1
284

(see also x-axes of Figures 3(b) and 3(c)). These values correspond roughly to the ground285

phase speeds (cg) of GWs that encounter critical levels below 30 km, and are therefore286

absent from the GWMF spectra at 30 km and above. Accordingly, the GWMF in the287

summer hemisphere should be dominated by GWs of eastward (i.e., positive) ground-288

based phase speeds. (Actually, GWMF will be reduced in a somewhat larger spectral289

range around the gap caused by critical level filtering; if the intrinsic phase speed (ci =290

cg − U) of a GW becomes low yet escapes the critical level, it is nevertheless subject291

to dissipation due to its reduced saturation amplitude). Figure 3(b) also reveals a seasonal-292

latitudinal asymmetry imposed by the wind filtering effect. During JJA in the NH (i.e.,293

the green, orange and red dots corresponding respectively to NAf, SAP and Cam), GWMF294

amplitudes benefit from the favorable propagation conditions for eastward-propagating295

GWs (EGWs) formed by the prevailing westward winds throughout the vertical column.296

On the other hand, accessibility of EGWs to 30 km during DJF in the SH (i.e., light/dark297

blue and black dots corresponding respectively to SAm, MAP, SAf) is partially impeded298

by the 0 to + 8 ms−1 winds at 15 km, leading to lower GWMF. The deficit of DJF with299

respect to JJA is about 250 µPa, which is also apparent in Figures 3(b) and 3(d).300

Further analysis of the correlation in Figure 3(b) in terms of Doppler shifting re-301

quires consideration of the GW viewing limitations of the SABER instrument and the302
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connection between Doppler shifting and GW saturation. For this purpose the follow-303

ing simplified GW dispersion relation can be used to relate the ci of a GW to its ver-304

tical wavelength λz (see, e.g., Preusse et al., 2004):305

λz =
2π

N
|cg − U | = 2π

N
ci (1)

where N is the Brunt-Vaisala frequency. This is the so-called “mid-frequency” approx-306

imation, which is valid for N ≫ ω = 2π/τ ≫ f (the Coriolis parameter) τ is the in-307

trinsic wave period, and neglects the 1/4H2 compressibility term relevant for λz ≳ 30308

km (Fritts and Alexander, 2003). The 4-25 km λz and λH ≳ 100-200 km bounds on the309

SABER GWMF retrievals, along with the 0.5 hr < τ < 3.5 hr bounds given below, jus-310

tify use of expression (1).311

Equation (1) indicates that a GW shifted to greater ci increases its λz, with ob-312

vious implications with respect to instrument observability within a certain range of λz.313

The following relations (Preusse et al., 2006; Eckerman and Preusse, 1999) will also be314

important for interpretations later in this paper:315

T̂sat =
T

g
N2 λz

2π
, GWMFsat ∼

λz

λH
T̂ 2
sat ∼ λ3

z (2)

where T̂sat is the saturation temperature amplitude of a GW, GWMFsat is the GWMF316

of a saturated wave, T is the background temperature, and g is the acceleration due to317

gravity. The important points are that a wave Doppler-shifted to a longer λz possesses318

a proportionally larger saturation amplitude, and a larger saturation GWMFsat that varies319

with cubic dependence on λz.320

As summarized by Forbes et al. (2021, their Figure 2), GWs generated by plume321

overshoot (e.g., Vadas and Liu, 2009) tend to have periods < 30 min and short horizon-322

tal wavelengths (λH < 100-200 km), whereas those associated with mesoscale convec-323

tive systems (e.g. Lane and Moncrieff, 2008, 2010; Lane and Zhang, 2011) have periods324

≳ 1 hr and λH > 100 km. As evidenced below, the latter correspond to the range ca-325

pable of being measured by SABER. In fact, these authors present GWMF and GW mo-326

mentum transport (GWMT) spectra at 20 km altitude from their “cloud system-resolving327

model (CSRM)” that are relevant to interpretation of results in Figure (3). Their illus-328

trated horizontal wavenumber spectra are flat, the frequency spectra are broad with a329

peak near τ = 1 hr and shallow slopes towards low frequencies with only a ∼30% de-330

crease by τ = 10 hr. The range of cg that encompasses their results (with peaks occur-331

ring near 5, 10 or 13 ms−1) is of order 5-20 ms−1 which translates to λH = cgτ = 18332
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to 720 km for τ = 1 hr to 10 hr. Applying equation (1) with a tropical stratospheric value333

of N = 0.024s−1 (Vincent and Alexander, 2020), this implies stratospheric λz in the range334

of 1.3-5.2 km. Applying equation (1) to this range of cg with U = -10 to -35 ms−1 (re-335

fer to x-axis of Figure 3(b)), the range of λz is Doppler-shifted to 3.9-14.4 km, which cor-336

responds to ci = 15-55 ms−1 (assuming that only eastward propagating GWs are rel-337

evant) and to λH = ciτ = 54-1980 km for τ = 1 hr to 10 hr. Thus, the effect of Doppler338

shifting is to move a spectrum that is mostly outside the viewing sensitivity of SABER339

to one that is mostly within the range of observability. This appears to explain, at least340

in part, the increase in GWMF with respect to more westward U in Figure 3(b).341

However, there is a more physical explanation that may be a contributing factor342

at 30 km, and the necessity to invoke it arises more in connection with interpreting the343

contrasting weak relationship between GWMF and U relationship at 50 km altitude, which344

is presented further below. The physical explanation is the potential modulation of GW345

saturation amplitudes by Doppler shifting. In the lower stratosphere there is usually a346

portion of the GW vertical wavenumber spectrum that is saturated, resulting in a m−3
347

drop-off of the vertical wavenumber (m) spectrum at high m (see, e.g., Fritts and Alexan-348

der, 2003, and references therein), or m > m∗ where m∗ is a characteristic wavenum-349

ber m∗ = 2π/λ∗
z. Roughly, λ

∗
z increases from about 2 km at the tropopause to 20 km350

at the mesopause. The general increase of λ∗
z with altitude comes from the fact that with351

increasing altitude the spectrum is more and more saturated, due to the general increase352

of GW amplitudes with altitude that accompanies decreasing density. Now consider the353

consequences of Doppler shifting the GW spectrum to longer λz, as in our case for the354

eastward propagating GWs (EGWs). Saturation amplitudes increase (equations (2)), the355

spectrum becomes less saturated, and less GW dissipation takes place. This implies that356

the higher the intrinsic phase speed of the GWs, i.e., the stronger the Doppler shift, the357

more GWMF can survive. Assuming a relatively saturated spectrum entering the strato-358

sphere, the more the background wind strengthens while GWs propagate upward un-359

til reaching 30km, the more GW λz and saturation amplitudes will rise due to Doppler360

shift (equations (2)), and the more of the initial total source GWMF can survive. This361

would contribute to the positive correlation seen at 30km in Figure 3(b) between GWMF362

and U in different months.363

Figures 3(g)-3(i) provide similar depictions as in Figures 3(b),3(c) and (3)(f), ex-364

cept at 50 km. The correlation with OLR is similarly negligible (R = −0.10), and not365
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shown. The wind filtering effect in Figure 3(h) is very similar to that at 30 km (Figure366

3(c)). However, the negative correlation between GWMF and U seen at 30 km in Fig-367

ure 3(b) is now lost at 50 km, as seen in Figure 3(g). Applying the same analysis per-368

formed at 30 km and using a stratopause value of N = 0.018, the 5-20 ms−1 range of cg369

and U range of −20 to −80 ms−1 (see x-axis of Figure 3(g)) translates to ci = 25-100370

ms−1. The λz of 1.3-5.2 km are now Doppler-shifted to a range of 8.7-35.0 km, and thus371

a fraction of the Doppler-shifted spectrum (λz 25-35 km) is not visible to SABER. How-372

ever, it seems unlikely that this is sufficient to account for a complete loss of correlation.373

Alternatively, consider that the background winds at 50 km may be sufficiently elevated374

compared to 30 km that the EGW spectrum at 50 km is now more widely dominated375

by unsaturated GWs due to the very strong Doppler shift. Our speculation is that sat-376

uration amplitudes are much higher than the amplitudes of the GWs dominating the spec-377

trum, and therefore the differing background winds in Figure 3(g) do not have much ef-378

fect on their momentum fluxes anymore. What still remains though is some sensitivity379

to the wind filtering at 15 km, as this determines which waves in the unsaturated part380

of the spectrum are still there.381

There are also other notable differences between the 30 km and 50 km results in382

Figures 3(b) and 3(g), respectively. The GWMF at 50 km for both DJF and JJA are383

not as evenly spread with respect to U as at 30 km. In particular, note the virtual ab-384

sence of JJA data (green, orange and red dots) for U < −50 ms−1 in Figure 3(g), and385

the sparsity of DJF data (dark/light blue, black dots) for U < -60 ms−1. It is possible386

that the GW cg that are most affected by strong westward winds at the core of the jet387

differ substantially between JJA and DJF, and that the influence of the DJF 0-8 ms−1
388

cg that are removed from the spectrum are playing a role. All of the above factors are389

potentially precluding a clear delineation of the Doppler-shifting effect at 50 km.390

At this point the above factors bring to mind an implicit assumption that under-391

lies the realization of a robust correlation between GWMF and the Doppler-shift effect392

vis-a-vis lengthening of λz. In expression (1) relating λz, cg and U for a given N, any393

member of the cg array of values can pair with any member of the U array to result in394

a lengthening of λz and potential modification of GWMF amplitude. A robust correla-395

tion is much more likely to occur if GWMF amplitudes are constant across the range of396

cg = 5-20 ms−1, and/or if the GWMF are concentrated near a single cg. However, such397

conditions are likely to exist to varying degrees, and undoubtedly represent a contribut-398
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ing factor to the scatter and limited correlations in all of the panels of Figure 3, and per-399

haps in extreme cases the absence of any significant correlation, as in Figure 3(g). It is400

noteworthy, though, that examples of GWMF or GWMT spectra at 20 km shown in Lane401

and Moncrieff (2008, 2010) and Lane and Zhang (2011) maximize near cg of ±5, 10 or402

13 ms−1, but it is not known to what extent these examples are representative of the broad403

range of conditions considered here.404

The same sequence of 3 scatter plots is shown for 70 km in Figures 3(j), 3(k) and405

3(l). In Figure 3(j), the weak westward U correspond to February and August, and the406

stronger westward U correspond to the remaining months, leaving a gap in the middle407

that is unrelated to GWMF per se. Note that with elimination of the westward winds408

with amplitudes greater than 60 ms−1 that are present at 50 km (i.e., Figure 3(g)), the409

signature of a Doppler-shifting effect has returned with correlation coefficient R = −0.7410

between GWMF and U . Assuming a mesospheric value of N = 0.018 /s, and U −10 to411

−60 ms−1 applied to the same cg range of 5-20 ms−1, we arrive at a λz range of 9.8-28.0412

km, that also takes into account (at the lower end) a minimum λH of 100 km. This λz413

range nearly falls within the 4-25 km range observable by SABER. So it seems that the414

part of the GW spectrum that was removed from SABER observability at 50 km is now415

returned at 70 km, and this may account for some improvement in the correlation be-416

tween GWMF and U . But again, since this apparently does not involve a major portion417

of the spectrum, there must be more to the story. To the point, between 50 and 70 km418

the GW spectrum becomes more saturated due to the general amplitude growth accom-419

panying the density decrease with altitude. Moreover, the resulting GW drag reduces420

the background winds and even strengthens the saturation effect because the spectrum421

is shifted to higher m again (the Doppler shift is reduced). As parts of the GW spec-422

trum are now saturated again, this re-introduces the sensitivity to U seen in Figure 3(j).423

4.2 SABER-CIPS comparison at 50 km424

Since the Forbes et al. (2021) study was a motivating influence for conducting the425

present study, a comparison between the GW response at 50 km to GWs originating over426

SAm from CIPS and SABER is now presented. CIPS is a nadir-looking imager sensi-427

tive to GWs with λz > 15km and λH between about 23 and 600 km. Both studies de-428

fine a similar SAm source region confined to the mainland of SAm between 0◦-20◦S. How-429

ever, the CIPS study used RR to define source variability, and examined Rayleigh Albedo430
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Anomaly variance (RAAv), which is closely related to temperature variance, to repre-431

sent the GW response over a similar latitude × longitude region as SABER at 50 km.432

To achieve a greater degree of consistency, the present study was re-done using temper-433

ature variance (Tv), and the CIPS study was re-done using OLR as a proxy for GW source434

variability. However, the SABER results for SAm were performed for all 12 DJF months435

from 2016-2020, whereas the 3 DJF months for SH 2017-2018 summer were omitted for436

CIPS due to background noise as described in Forbes et al. (2021).437

The SABER-CIPS comparison is presented in Figure 4, and consists of the same438

types of panels as in Figure 3. This comparison also provides the opportunity to display439

typical standard deviations associated with the latitude × longitude area means, which440

were reduced in size to provide acceptable readability of the 72 colored points in each441

panel of Figure 3. Figure 4(a) illustrates a negative (R = −0.3) correlation with U at442

15 km, and when combined with OLR in a 2-parameter fit yields an R = +0.44 (Fig-443

ure 4(b)). The plot of Tv with respect to U at 50 km in Figure 4(c) yields a small pos-444

itive correlation (R = +0.26) similar to that of the whole GMCS depicted in Figure 3(g)445

(R = +0.13), where the light blue dots represent SAm. The same speculations made there446

to explain the absence of a robust correlation related to Doppler-shifting apply here. Fi-447

nally, the 3-parameter fit in Figure 4(d) yields R = +0.77, significantly better than the448

R = +0.48 for the whole GMCS in Figure 3(i). With respect to SABER Tv, OLR, U at449

15 km, and U at 50 km all reflect modest correlations individually, but when combined450

together in a 3-parameter fit capture 59% of the variance.451

The same sequence of information is provided in Figures 4(e)-4(h) for CIPS RAAv.452

Figure 4(e) shows a R = −0.45 correlation between RAAv and U at 15 km, reflecting453

a similar wind-filtering effect as SABER Tv. When combined with OLR in a 2-parameter454

fit, a R = +0.55 is achieved, slightly better than the R = +0.44 for Tv (Figure 4(b)). How-455

ever, in contrast to the small positive correlation (R = +0.26, Figure 4(c)) between Tv456

and U for SABER, a remarkably high (R = −0.91) correlation exists between RAAv and457

U at 50 km (Figure 4(g)), leading to R = +0.93 in a 3-parameter fit with 86% of the vari-458

ance now captured.459

The primary result to emerge from Figure 4 is that RAAv reflects a robust neg-460

ative correlation with U at 50 km, whereas SABER Tv exhibits a weak positive corre-461

lation, all other aspects being approximately the same. Noting that CIPS is only sen-462
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sitive to λz > 15 km, the RAAv with λz of 1.3-5.2 km and associated with the assumed463

source spectrum of cg = 5-20 ms−1 is invisible to CIPS for U = 0, but becomes increas-464

ingly visible to the CIPS instrument as U becomes increasingly negative. On the other465

hand, it was deduced in the discussion pertaining to Figures 3(a)-3(i) that the low SABER466

correlation at 50 km is due to the low degree of saturation of the spectrum of eastward467

GWs (EGWs). For SABER, observational filter effects are there, but probably less im-468

portant, as the main part of the EGW spectrum should be still visible. This appears to469

be the crux of the argument explaining the difference between results in Figures 4(c) and470

4(g). The apparent reappearance of some waves when U becomes less negative at 70 km471

(cf. Figure 3(j)) is also consistent with this argument. A more refined analysis requires472

knowledge of the true nature and variability of the cg spectra, and whether the part of473

the spectrum with λH between 23 km and 100-200 km seen by CIPS and not SABER474

is also playing a role.475

5 GWMF Variability at 90 km476

Figure 5 presents latitude vs. longitude plots of SABER GWMF at 90 km for Jan-477

uary and July, 2017-2020. All of the 90-km results exhibit considerable intra-seasonal478

and inter-annual variability, and these months are chosen as typical examples, and be-479

cause they represent the height of convective activity in both hemispheres. January 2018480

is notable due to the 4 maxima near the equator that occur about 30◦ eastward and 10◦481

equatorward of the OLR maxima designated SAf, MAP, and SAm in Figure (1)(a). A482

similar series of maxima, displaced somewhat from those in January 2018, occurs dur-483

ing January 2019. Interestingly, a series of similarly-spaced 4 maxima appear in the vicin-484

ity of 40◦N during January 2020, and during January 2017 there are no ordered distri-485

butions of maxima to be found. In the Supporting Information the reader will find that486

during December and February months there exists a variety of structures, ranging from487

two to four clear maxima to a nearly featureless distribution (e.g., February 2017).488

Similar features can be found in the July GWMF distributions at 90 km in Fig-489

ure 5. July 2020 is characterized by 3 near-equatorial maxima that appear connected to490

more intense ones near 40◦N. Somewhat less ordered versions of the same types of con-491

nections exist for July 2017, 2018 and 2019, and in some cases connections between the492

equatorial maxima and those in SH mid-latitudes exist, and these types of features can493

also be seen in some other months in the Supporting Information.494
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The net result of this brief summary is that at 90 km there appear to be vestiges495

of the GWMF structures that exist at low latitudes, but their locations at 90 km are not496

as stable and predictable, and in fact may not even be confined to the same hemisphere497

as those at lower altitudes. And, at this point we get the sense that the AR distribution498

at 90 km in Figure 1(f) may bear some consistency with the summary just provided. Since499

the U distributions have guided our interpretations so far, we now seek to examine what500

insights can be provided by the HWM14 mean winds depicted in Figure 2. It is noted501

that HWM14 captures the salient features of MERRA2 below 70 km. This combined with502

the knowledge that HWM14 winds above 80(100) km are rooted in wind measurements503

from ground-based radars(satellite-based instruments) over the globe, provides confidence504

that HWM14 can provide some useful insights into the interpretation of SABER GWMF505

measurements at 90 km.506

Starting with both DJF and JJA in the summer hemispheres, it is evident from507

the HWM14 panels in the lower half of Figure 2 that there is a reversal at about 80 km508

from westward winds below to eastward winds above between about 10◦N and 45◦N. It509

is well established, e.g., Holton (1983); Miyoshi et al. (2014); Schmidt et al. (2006) that510

the latter result from dissipation and deposition of eastward momentum associated with511

the EGWs discussed throughout this paper. But there are alternative pathways for these512

EGWs, e.g., following along the -12 ms−1 contours of the easterly jet to middle and per-513

haps higher latitudes in the vicinity of 80 km in both hemispheres, as indicated by the514

solid arrows. In fact we note from the Thurairajah et al. (2017) analysis of SABER GWMF515

during NH summer 2007, that the maximum GWMF occurs near 80 km altitude and516

45◦N, coincident with the intersection of the -12 ms−1 contour and 45◦N during JJA in517

Figure 2. During DJF there is also a pathway extending from the jet core to the equa-518

tor near 90-100 km, along the weak westward winds between the 0 ms−1 contours, as in-519

dicated by the dashed arrow. Such a propagation path towards the equator and low south-520

ern latitudes also exists during JJA, but as drawn is only open to the higher-phase speed521

(> 12 ms−1) EGW. A likely scenario is that all of the propagation paths just discussed522

are subject to considerable variability from month to month, and that the varieties of523

multi-peaked structures in Figure 5 and the Supporting Information reflect the differ-524

ent degrees of accessibility to higher altitudes and/or higher latitudes that these vari-525

able propagation paths offer.526
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In the vicinity of 90 km, solar tides serve as a likely source for Doppler-shifting GWs527

in a way that influences the propagation paths noted above. The ascending and descend-528

ing orbital segments of the TIMED satellite that carries the SABER instrument each529

take 120 days to precess through 24 hours of local time. Over shorter time periods, non-530

migrating (solar asynchronous) tides manifest as wave-k longitude variations where k =531

|s−n|, n denotes the wave frequency (day−1) and s is the zonal wavenumber of the tide.532

Two of the largest non-migrating tides are the eastward-propagating diurnal (n = 1)533

tides with zonal wavenumbers s = −2 (DE2) and s = −3 (DE3) (e.g., Truskowski et534

al., 2014). Therefore DE2(DE3) presents a k = 3(k = 4) longitude variation. The first535

symmetric components of these tidal components are actually diurnal Kelvin waves char-536

acterized by zonal winds broadly distributed about the equator with a Gaussian shape.537

So the suggestion is that non-migrating tides maybe be modifying propagation paths at538

90 km in a way that also imposes latitude × longitude variability of the type illustrated539

in Figure 5. In addition, the tides could introduce wind variations that lead to dissipa-540

tion of parts of the GW spectrum. Empirical evidence that tidal influences exist can be541

found in the recent work of Ern et al. (2021). In that paper it is shown that GW-drag-542

proxy maxima at ±10◦ latitudes above ∼80 km altitude are phase-shifted by ∼180◦ be-543

tween ascending and descending SABER orbit data (see Figure 8 in this paper). These544

maxima shift upward with time, in agreement with the local time shift during TIMED/SABER545

orbit precession, a likely signature of phase-locking with tides.546

6 Summary and Conclusions547

1. Organization of the Global Monsoon System (GMS) in terms of annual range (AR548

= |DJF−JJA|/(DJF−JJA)) and convective intensity using OLR as a proxy,549

leads to definition of the Global Monsoon Convective System (GMCS) consisting550

of 6 tropical regions: North and South Africa (NAf, SAf), Central and South Amer-551

ica (CAm, SAm), and the South Asia-Pacific and Malay Archipelago/Australia-552

Pacific regions (SAP, MAP). About half the geographic areas of SAP and MAP553

are oceanic. Definition of the GMCS in this fashion leads to much tighter and more554

well-defined geographic regions than is the case when the GMS is defined accord-555

ing to AR in rainfall rate.556

2. Annual ranges of GWMF determined from TIMED/SABER measurements at 30,557

50, and 70 km altitude are also organized into 6 tropical regions that can be con-558
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nected on a one-to-one basis with those defined with respect to OLR, suggesting559

source-response relationships.560

3. The GWMF longitudinal structures in each hemisphere (comprised of 3 maxima)561

shift increasingly poleward with altitude, linked to the favorable propagation con-562

ditions formed by the upward/poleward tilt of the summer easterly jets.563

4. For each geographic region at each altitude, monthly-mean values of OLR and monthly-564

mean values of GWMF are defined for the DJF and JJA months between Decem-565

ber 2016 and August 2020. This leads to 72 OLR-GWMF pairs (6 regions × 12566

months) at each altitude that can be used to obtain the source-response relation-567

ships that define the extended GMCS as a whole.568

5. The effects of mean winds on the source-response relationships are introduced in569

terms of multiple linear regression fits that express GWMF in terms of OLR, MERRA2570

zonal-mean winds (U) at 15 km latitude, and MERRA2 U at the individual heights571

of 30, 50, and 70 km. Based on visual examination of the MERRA2 U contours572

intersecting the white bars in Figure 2, as well as for individual months (not shown),573

the winds at 12-15 km altitude are assumed to represent the bulk of wind filter-574

ing effects on the vertically-propagating EGWs that reside within the summer east-575

erly jet. In other words, filtering by winds at altitudes above 15 km are of secondary576

importance, at least for this special situation. However, this assumption may not577

be more broadly applicable to other situations. The winds at the individual heights578

of 30, 50 and 70 km can reveal (a) the presence of Doppler-shift effects which in-579

clude introduction of different degrees of GW saturation which influence the cor-580

relation with local winds; and (b) modification of vertical wavelengths in a way581

that can move the GWs into or out of the λz = 4-25 km limitations of the SABER582

GW retrieval.583

6. To pursue a deeper understanding of the linear regression fits, a source spectrum584

had to be defined. Based on numerical simulations of mesoscale convective sys-585

tems, a range of ground-based phase speeds cg = 5-20 ms−1 (eastward) at 20 km586

altitude was assumed. Based on the mid-frequency GW dispersion relation approx-587

imation, this implies a range of vertical wavelengths λz of 1.3-5.2 km. This range588

of cg is assumed constant for all 12 months and both hemispheres. Note that this589

spectrum excludes high-phase-speed GWs generated by plume overshoot, which590

generally have longer λz and shorter λH than can be seen by SABER.591
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7. At 30 km, OLR, wind filtering, and Doppler shifting are all found to play roles592

in achieving a correlation coefficient between the fit and measured GWMFs of R593

= +0.85, implying that 72% (R2) of the variance is captured. It appears that Doppler-594

shifting effects on instrument sensitivity and through modulation of the saturated595

GW spectrum may both be playing roles in explaining this high correlation.596

8. At 50 km, OLR and wind filtering play roles, leading to R = +0.47 for the 2-parameter597

fit. However, the correlation between GWMF and U , which include westward wind598

speeds up to -80 ms−1, is only R = +0.13. This leads to a R = +0.48 for the 3-599

parameter fit, implying that only 23% of the GWMF variance is captured, markedly600

less than the 72% at 30 km. To explain this disparity, it is hypothesized that the601

large U result in higher saturation amplitudes due to the Doppler shift effect, lead-602

ing to de-saturation of a large portion of the spectrum, and therefore lack of sen-603

sitivity of GWMFs associated with de-saturated GWs to changes in U . It is also604

estimated that the largest U push the longest λz parts of the spectrum to λz >605

25 km, out of the sensitivity range of SABER; however, it appears doubtful that606

this is the dominant effect.607

9. At 70 km, where the maximum westward U is 60 ms−1, a stronger correlation (R608

= −0.70) between GWMF and local U exists, leading to a correlation with the609

3-parameter fit of +0.78 (61% of variance captured). In this case OLR, wind fil-610

tering and instrument sensitivity play secondary roles. Our hypothesis is that be-611

tween 50 km and 70 km the GW spectrum becomes more saturated again due to612

the general amplitude growth due to density decrease with altitude. U and the613

Doppler shift are also reduced due to the resulting GW drag, adding to the sat-614

uration. The net effect is to re-introduce the sensitivity to U that existed at 30615

km.616

10. The above results at 30, 50 and 70 km are virtually the same whether U is defined617

as an average within individual longitude sectors, or as a zonal average; therefore618

the latter was chosen for displaying all results.619

11. A comparison was performed between GW variances obtained by SABER and CIPS620

at 50 km during DJF, and confined to the South American sector. In this case the621

SABER results captured 59% of the variance (R = +0.77) with OLR, wind filter-622

ing and Doppler effects all playing roles. The same is true for CIPS, but an over-623

all correlation of R = +0.93 is achieved (86% of variance captured). For CIPS,624
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the correlation between variance and local U is R = −0.91, in contrast to R = +0.26625

for SABER. In the case of CIPS this relationship is strongly influenced by parts626

of the spectrum being Doppler shifted into its λz > 15 km viewing range, and by627

increased saturation amplitudes. For SABER, we deduce that the low correlation628

with U is likely driven by the low degree of saturation of the spectrum, and the629

fact that SABER observes a larger range of the unsaturated part of the GW spec-630

trum than CIPS. The unsaturated GWs seen by SABER are less sensitive to the631

background wind at this altitude, but still sensitive to source variations and wind632

filtering near the source.633

12. It is noted that there is a limit on how good any of the above correlations can be,634

due to variations in the amplitude of the cg spectrum, which we have assumed to635

be constant throughout our analysis.636

13. At 90 km, SABER GWMFs are characterized by responses spanning both hemi-637

spheres, considerable variability between months, sometimes irregularly-distributed638

maxima, and sometimes well-organized 2-, 3-, and 4-peaked maxima with respect639

to longitude with connections to other latitudes. It is well established (e.g., Holton,640

1983; Miyoshi et al., 2014; Schmidt et al., 2006) that the middle atmosphere jets641

in both hemispheres shift to oppositely-directed weaker jets above about 80 km642

altitude. This is due to the effects of selective filtering of GWs by the jets, and643

by dissipation and momentum deposition of the oppositely-directed GWs above644

∼80 km. In the zonal-mean context this arrangement leaves open propagation path-645

ways between the lower and upper jets, and between the upper jets in the equa-646

torial region, that can in principle enable GW accessibility to a wider range of lat-647

itudes including the opposite hemisphere. The dependence of these upper jets on648

the variable nature of the GW spectrum responsible for their formation suggests649

that the propagation pathways are also likely to vary from month the month and650

between hemispheres. In addition, at 90 km, further modification of the background651

wind field (and associated Doppler shifting of λz) in latitude and longitude pre-652

sented to GWs is possible through the presence of solar tides, in particular diur-653

nal Kelvin waves that are characterized by broad, Gaussian-shaped zonal wind dis-654

tributions about the equator. We present arguments and empirical observational655

evidence to the effect that solar tides can introduce latitude and longitude vari-656
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ability into the GW propagation environment at ≳ 90 km commensurate with the657

types of variability seen in the SABER GWMF distributions at 90 km.658

14. Another potential contributor to the spatial-temporal variability of GWMFs at659

90 km is the likelihood that some waves are reaching saturation amplitudes, dis-660

sipating, and exciting secondary waves between 70 and 90 km.661

Abbreviations, acronyms, and symbols: AIM, Aeronomy of Ice in the Mesosphere; AR,662

Annual Range; CAm, Central America; CIPS, Cloud Imaging and Particle Size; CLAES,663

Cryogenic Limb Array Etalon Spectrometer; DJF, December-January February; EGWs,664

eastward-propagating gravity waves; GMCS, Global Monsoon Convective System; GMS,665

Global Monsoon System; GPMM, Global Precipitation Measurement Mission; GW(s),666

gravity wave(s); GWMF(s), gravity wave momentum flux(es); HWM14, Horizontal Wind667

Model 2014; JJA June-July-August; λH , GW horizontal wavelength; λz, GW vertical668

wavelength; MAP, Malay Archipelago/Australia-Pacific; MERRA2, Modern-Era Ret-669

rospective analysis for Research and Applications, Version 2; NH, Northern Hemisphere;670

NAf, North Africa OLR, Outgoing Longwave Radiation; RAAv, Rayleigh Albedo Anomaly671

Variance; RR, Rainfall Rate; SABER, Sounding of the Atmosphere using Broadband Emis-672

sion Radiometry; SH, Southern Hemisphere; SAf, South Africa; SAm, South America;673

SAP, South Asia-Pacific; SPCZ, South Pacific Convergence Zone; TIMED, Thermosphere674

Ionosphere Mesosphere Energetics and Dynamics; Tv, Temperature variance; U , zonal-675

and diurnal-mean zonal wind; UARS, Upper Atmosphere Research Satellite.676

7 Data Availability Statement677

The daily OLR data were obtained from678

https://psl.noaa.gov/data/gridded/data.olrcdr.interp.html (Liebmann and Smith, 1996).679

The RR data correspond to “Level-3 Integrated Multi-satellite Retrievals for GPM (IMERG)680

Final Run” (Huffman et al., 2014), and were downloaded from681

https://gpm.nasa.gov/data/directory. This data product results from merging, inter-calibrating682

and interpolating all available satellite precipitation estimates and rain gauge data over683

the globe. MERRA2 winds were obtained from684

https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/ (Gelaro et al., 2017). The SABER685

GWMF and Tvar datasets can be found at https://doi.org/10.5281/zenodo.6343173 and686

https://doi.org/10.5281/zenodo.6346343, respectively (Ern et al., 2022a,b).687
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NAf
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SAP CAm
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(c) (d) 

(e) (f) 

Figure 1. Annual Range (AR) as defined in the text for (a) OLR, (b) RR, and (c)-(f) GWMF

at 30, 50, 70 and 90 km, respectively. The six convective regions are identified for the purposes

of this paper as North and South Africa (NAf and SAf), Central and South America (CAm and

SAm), the South Asia-Pacific (SAP) region and the Malay Archipelago/Australia-Pacific (MAP)

region. The dashed-line boxes correspond to latitude × longitude regions over which average val-

ues of OLR or GWMF are defined that represent amplitudes of GW “sources” and “responses”,

respectively, for use in quantitative analysis of source-response relationships.
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MERRA2

HWM14

Figure 2. Height versus latitude depictions of zonal-mean zonal winds averaged over JJA

(left) and DJF (right) from MERRA2 (top) extending from 0 to 70 km altitude, and from the cli-

matological Horizontal Wind Model 2014 (HWM14, Drob et al., 2015) (bottom) extending from

0 to 100 km altitude. In the MERRA2 plots, the horizontal white bars represent the latitudinal

extents of the boxes illustrated in Figure 1, which also provide a sense of the propagation channel

followed by the bulk of the GWs. In the HWM14 plots, the arrows indicate alternative pathways

for GWs emerging from the 60-70 km region in the SH. The pathway indicated by the dashed

arrow is open depending on whether the zonal-mean winds are sufficiently negative.
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(j)
70km

(k)
70km

(l)
70km

(g)
50km

(h)
50km

(i)
50km

Figure 3. Scatter plots and correlation coefficients pertaining to GWMF variability relative

to OLR and U . Each dot represents a monthly-mean value averaged over the areas displayed in

Figure 1, the dashed lines represent linear fits, and standard deviations accompanying the dots

(at 1/10th their true size to enable readability) represent the variability in GWMF values over

those areas. The colors represent SAf (black), NAf (green), SAP (orange), MAP (dark blue),

CAm (red), SAm (light blue). (a) GWMF vs. OLR at 30 km. (b) GWMF vs. U at 30 km, zmU.

(c) GWMF vs. U at 15 km, zmU15. (d) GWMF vs. 2-parameter (OLR, zmU) fit values at 30

km. (e) GWMF vs. 2-parameter (OLR, zmU15) fit values at 30 km. (f) GWMF vs. 3-parameter

(OLR, zmU, zmU15) fit values at 30 km. (g)-(i) same as (d)-(f), except at 50 km. (j)-(l) same as

(d)-(f), except at 70 km.
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 4. Similar to Figure 3, except for GWs at 50 km associated with South American

continental convective sources during DJF. Top: Temperature variances from SABER. Bottom:

RAAv from CIPS.
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Figure 5. Typical examples of SABER GWMF distributions at 90 km. Left(Right): Jan-

uary(July) for 2017, 2018, 2019, 2020 (top to bottom).
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