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Abstract

Atmospheric gravity waves (GWs) are generated globally in the lower atmosphere by various weather phenomena during all
seasons. They propagate upward, carry a significant amount of energy and momentum to higher altitudes, and significantly
influence the general circulation of the middle and upper atmosphere. We use a three-dimensional first-principle general circu-
lation model (GCM) with an implemented nonlinear whole atmosphere GW parameterization to study the global climatology
of wave activity and produced effects at altitudes up to the upper thermosphere. The numerical experiments were guided by
the GW momentum fluxes and temperature variances as measured in 2010 by the SABER (Sounding of the Atmosphere us-
ing Broadband Emission Radiometry) instrument onboard NASA’s TIMED (Thermosphere Ionosphere Mesosphere Energetics
Dynamics) satellite. This includes the latitudinal dependence and magnitude of GW activity in the lower stratosphere for the
boreal summer season. The modeling results were compared to the SABER and Upper Atmosphere Research Satellite (UARS)
data in the mesosphere and lower thermosphere. Simulations suggest that, in order to reproduce the observed circulation and
wave activity in the middle atmosphere, smaller than the measured GW fluxes have to be used at the source level in the lower
atmosphere. This is because observations contain a broad spectrum of GWs, while parameterizations capture only a portion
relevant to the middle and upper atmosphere. Accounting for the latitudinal variations of the source appreciably improves
simulations.
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Abstract14

Atmospheric gravity waves (GWs) are generated globally in the lower atmosphere by various15

weather phenomena during all seasons. They propagate upward, carry a significant amount of16

energy and momentum to higher altitudes, and significantly influence the general circulation of17

the middle and upper atmosphere. We use a three-dimensional first-principle general circulation18

model (GCM) with an implemented nonlinear whole atmosphere GW parameterization to study19

the global climatology of wave activity and produced effects at altitudes up to the upper thermo-20

sphere. The numerical experiments were guided by the GW momentum fluxes and temperature21

variances as measured in 2010 by the SABER (Sounding of the Atmosphere using Broadband22

Emission Radiometry) instrument onboard NASA’s TIMED (Thermosphere Ionosphere Meso-23

sphere Energetics Dynamics) satellite. This includes the latitudinal dependence and magnitude of24

GW activity in the lower stratosphere for the boreal summer season. The modeling results were25

compared to the SABER and Upper Atmosphere Research Satellite (UARS) data in the meso-26

sphere and lower thermosphere. Simulations suggest that, in order to reproduce the observed27

circulation and wave activity in the middle atmosphere, smaller than the measured GW fluxes28

have to be used at the source level in the lower atmosphere. This is because observations contain29

a broad spectrum of GWs, while parameterizations capture only a portion relevant to the mid-30

dle and upper atmosphere. Accounting for the latitudinal variations of the source appreciably31

improves simulations.32

Plain Language Summary33

Atmospheric gravity waves (GWs) play an important role in maintaining the structure and34

circulation of the middle and upper regions of Earth’s atmosphere. They transfer energy and mo-35

mentum throughout the atmosphere, linking its different layers. Since horizontal scales of GWs36

are smaller than the resolution of the majority of existing global circulation models, their dynam-37

ical and thermal effects have to be parameterized. The most difficult part of that is specification38

of wave sources in the lower atmosphere. Therefore, globally uniform GW source distributions39

are usually assumed. We use a whole atmosphere model and employ satellite observations of GW40

activity in order to constrain these sources. The most notable observed features are the latitudinal41

variation and hemispheric asymmetry of GW fluxes. When implemented into a parameterization,42

these sources improve the model simulations of GW effects in the middle atmosphere, while the43

thermosphere remains less sensitive to the latitude dependency of the source spectrum.44
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1 Introduction45

Atmospheric gravity waves (GWs) play an important role for the dynamics and thermody-46

namics of the middle (Fritts & Alexander, 2003) and upper atmosphere (Yiğit & Medvedev, 2015)47

of Earth. Their dynamical importance is increasingly appreciated in planetary atmospheres as well48

(Medvedev & Yiğit, 2019, and the references therein). GWs have routinely been characterized49

by a number of observational techniques in the terrestrial middle atmosphere, including ground-50

based lidars (Chanin & Hauchecorne, 1981; Mitchell et al., 1991, 1996; Yang et al., 2008), radars51

(Vincent & Reid, 1983; Scheffler & Liu, 1985; Manson et al., 2002; Spargo et al., 2019), airglow52

imagers (Taylor, 1997; Frey et al., 2000; Pautet et al., 2019), space-borne instruments (Wu & Wa-53

ters, 1996; Alexander & Barnet, 2007; John & Kumar, 2012; Ern et al., 2004, 2005, 2011, 2016),54

balloon flights (Hertzog et al., 2008), or a combination of airborne and ground-based instruments55

(e.g., Fritts et al., 2016). Various techniques of GW observations, their limitations and advantages56

have been a central topic in the middle atmosphere science (Alexander et al., 2010). The differ-57

ent approaches to observations provide various views of GW activity at different spatiotemporal58

scales in the atmosphere. Therefore, a validation of modeled GW activity should be performed59

with caution with respect to the type of observations. While radars and lidars provide a detailed60

local picture of GWs, often with high temporal resolution, satellites provide a nearly global view61

of GW activity, depending on their orbit, though limited temporal resolution. In this paper, we62

perform sensitivity studies guided by TIMED/SABER satellite observations.63

Often general circulation models (GCMs) are used to simulate a global picture of GW prop-64

agation and dissipation. These global-scale models provide a full latitude-longitude coverage,65

although with limited resolution, and their vertical extent (i.e., altitude coverage) can vary from66

model to model. Due to limited model resolution, short horizontal wavelength, i.e., small-scale,67

GWs are still parameterized in order to account for the dynamical and thermal coupling produced68

by GWs. Parameterizations make various assumptions to simplify the underlying physics, thus69

providing computational efficiency. What makes a given parameterization sensible is its ability70

to estimate the effects of subgrid-scale waves unresolved by models. Historically, crude Rayleigh71

drag parameterizations have been used in dynamical models of the middle atmosphere to include72

GW effects (Leovy, 1964; Holton & Wehrbein, 1980), followed by improved linear GW drag73

schemes, as has recently been discussed in the review by Medvedev & Yiğit (2019). GW param-74

eterizations and the assumed source specifications are being continuously improved, as the global75

distribution of GW activity is increasingly better captured by observations. Numerical global76

weather forecast models gradually increase their spatial resolution and can resolve GWs with77
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horizontal scale as small as 40 km (e.g., Shutts & Vosper, 2011), and recently even convection78

permitting global model runs with horizontal resolutions as good as 2.5 km were performed (e.g.,79

Stephan et al., 2019a,b). However, with increasing model vertical extent, explicitly resolving80

GWs becomes computationally not viable. Thus, whole atmosphere models are more efficiently81

operated with GW parameterizations (e.g., Miyoshi & Yiğit, 2019).82

The primary sources of GWs in the lower atmosphere are extremely variable. Different83

weather-related lower atmospheric sources contribute to the overall spectrum of GWs. As weather84

itself is highly variable in nature, it is quite intuitive that GW generation processes are highly85

irregular as well, leading to a broad distribution of wave scales and periods. While locally random,86

GW activity can be studied statistically. Thus, GW-induced fluxes and temperature variances87

always include an appropriate averaging performed over scales sufficiently larger than the wave88

phase of a given wave harmonic.89

With the advent of global satellite observations and increased horizontal resolution of weather90

forecast models, the knowledge on the geographical distribution of GW activity has rapidly in-91

creased. Recent observations clearly demonstrate a distinct hemispheric asymmetry in the peak92

magnitude and distribution of GW activity in terms of temperature amplitude, potential energy,93

and horizontal momentum fluxes (Tsuda et al., 2000; Yan et al., 2010; John & Kumar, 2012;94

Hoffmann et al., 2013; Ern et al., 2018), especially during solstice seasons. Also, high-resolution95

models clearly show such hemispheric differences in the stratospheric GW activity (e.g., Shutts96

& Vosper, 2011; Stephan et al., 2019a,b). All these studies indicate that there is a number of GW97

hotspots, such as over the Antarctic Peninsula and other locations that are known as source re-98

gions of GWs excited by flow over orography (mountain waves), or in the summertime subtropics99

where enhanced generation by convection takes place. During the solstices, the global distribution100

of GW activity shows two prominent peaks: one peak in the subtropics in the summer hemisphere,101

and another at high latitudes in the winter hemisphere. For example, during the boreal summer,102

the 13-year average of the absolute GW momentum flux retrieved from SABER in the strato-103

sphere shows distinct peak regions at 20◦N and 60◦S. Similar latitudinal distributions are also104

observed by satellite instruments that are sensitive to GWs of quite short horizontal wavelengths105

(e.g., Wu & Eckermann, 2008; Ern et al., 2017; Meyer et al., 2018). However, coarse-grid GCMs106

with parameterized GWs often use a uniform distribution of GW activity in the lower atmosphere.107

Given the observed and explicitly model-resolved asymmetries in the GW source activity in the108

lower atmosphere, it is necessary to explore the possible influence of the hemispheric differences109

in GW sources on their middle and upper atmospheric effects (Yiğit & Medvedev, 2019).110
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Here we specifically study the effects of a latitude-dependent GW source distribution on the111

middle and upper atmosphere using the Coupled Middle Atmosphere-Thermosphere-2 General112

Circulation Model (section 2.2) with the implemented whole atmosphere GW parameterization of113

Yiğit et al. (2008) (section 2.3). The performed experiments are guided by the TIMED/SABER114

observations of GW activity in the stratosphere.115

The structure of the paper is as follows. The next section describes the methodology, in-116

cluding the observational data, the CMAT2-GCM, the GW parameterization, and numerical ex-117

periment design. In section 2.5 the GW source spectrum is modified, and in section 3 the modeled118

GW activity in the lower atmosphere is compared with SABER data. Mean model zonal winds119

along with UARS winds, GW-induced drag and temperature fluctuations are presented in sections120

4 and 5, respectively. Mean temperature and GW thermal effects are discussed in sections 6 and121

7, respectively. Section 8 discusses model comparison with SABER (8.1) and various physical122

aspects of the simulation results (8.2-8.3). Summary and conlusions are given in section 9123

2 Methodology124

We next describe the observations performed by the SABER satellite instrument on board125

the TIMED spacecraft, the CMAT2 model, and the implemented whole atmosphere GW parame-126

terization.127

2.1 Observation of Gravity Waves by TIMED/SABER128

NASA’s TIMED spacecraft was launched on 7 December 2001 and since 2002 it has been129

delivering high-quality atmospheric data. The SABER is a limb-viewing radiometer that observes130

within the infrared region (1.27-17 microns) and can detect radiative emissions over a broad range131

of altitudes in the middle atmosphere (Mlynczak, 1997). It provides data with nearly global132

coverage and 24 h local time coverage over a period of 60 days.133

Gravity wave activity is often retrieved from observations as fluctuations around some mean134

value, which first has to be determined. Then, fluctuations other than GWs, specifically with zonal135

wavenumbers 0-6, are removed (e.g., John & Kumar, 2012). The remaining fluctuations can then136

be used to retrieve momentum fluxes. In the context of satellite observations, momentum fluxes137

are thus not directly obtained. The SABER instrument is able to measure temperature (Remsberg138

et al., 2008), from which the associated temperature variance can be determined. Finally, hori-139

zontal momentum fluxes are derived from temperature fluctuations (e.g., Ern et al., 2004, 2011,140
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2018). This is performed by identifying single GWs and assuming the midfrequency approxima-141

tion (N � ω̂ � f), where N is the buoyancy frequency, f is the Coriolis parameter, and142

ω̂2 = N2 k
2
h

m2
(1)

is the intrinsic angular frequency, where kh =
√
k2 + l2 is the horizontal wave number, k, l and143

m are the zonal, meridional and vertical wave numbers, correspondingly. The relation between144

the components of the momentum fluxes and temperature variations is given by:145

(Fx, Fy) =
ρ̄

2

(
g

N(z)

)2(
T̂

T̄

)2(
k

m
,
l

m

)
, (2)

where T̂ is the observed temperature amplitude of the wave, ρ is the mass density and the “over-146

bar” denotes an appropriate spatiotemporal averaging. The total absolute momentum flux is then147

determined by148

|F | = (F 2
x + F 2

y )1/2 =
ρ̄

2

(
g

N(z)

)2(
T̂

T̄

)2
kh
m
. (3)

At a given location, the temperature fluctuation T ′(x, y, z) of a GW can be represented as149

T ′ = T̂ sin(kx+ ly +mz − ωt+ δφ), (4)

where δφ is the phase shift. Thus, max (T ′) = T ′max = T̂ .150

2.2 CMAT2-GCM151

CMAT2 is a first-principle hydrodynamical three-dimensional time-dependent model ex-152

tending from the tropopause (100 mb, 15 km) to the upper thermosphere (300–500 km). At the153

lower boundary, the model is forced by the NCEP (National Centers for Environmental Predic-154

tion) data, filtered for wave numbers one to three, and the GSWM (Global Scale Wave Model)155

(Hagan & Forbes, 2002) data, representing solar tidal forcing. We use a longitude-latitude grid of156

15◦ × 2◦ resolution. In the vertical, the model has 66 pressure levels with one-third scale height157

vertical resolution, except at the top 3 levels, where one-scale height resolution is used.158

Realistic magnetic field distribution is specified via the International Geomagnetic Refer-159

ence Field model ((IGRF), Thébault et al., 2015). Thermospheric heating, photodissociation, and160

photoionization are calculated for the absorption of solar X-rays, extreme ultraviolet (EUV), and161

UV radiation between 1.8 and 184 nm using the SOLAR2000 empirical model of Tobiska et al.162

(2000). Further details of the model can be found in the work by Yiğit et al. (2009).163

CMAT2 has been frequently used to study vertical coupling between the lower and upper164

atmosphere via gravity waves and tides, and has been validated with respect to observations and165
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empirical models (Yiğit et al., 2009; Yiğit & Medvedev, 2009, 2010; Yiğit et al., 2012, 2014; Yiğit166

& Medvedev, 2017). These studies demonstrated the suitability of CMAT2’s dynamical core for167

investigation of wave propagation and resulting effects.168

2.3 Whole Atmosphere Gravity Wave Parameterization169

GCMs have limited vertical and horizontal resolutions, thus only a certain portion of the170

atmospheric GW spectrum can be resolved by them. Parameterizations have been routinely used171

in the past in order to account for missing in the models effects of subgrid-scale waves on the172

larger-scale atmospheric circulation (e.g., Garcia & Solomon, 1985; Geller et al., 2013). The vast173

majority of GW schemes have been designed for terrestrial middle atmosphere GCMs (Fritts &174

Alexander, 2003, see Sect. 7) and, thus, are not well suited without extensive tuning for the dissi-175

pative media such as thin upper atmospheres of Earth and other planets. Here, we employ a GW176

parameterization that has been specifically developed to overcome this limitation of inaccurate177

representation of GW physics in models extending from the lower atmosphere to the upper ther-178

mosphere. It is referred to as the “whole atmosphere GW parameterization”, and is fully described179

in the work by Yiğit et al. (2008). Among the novelties of this scheme are the accounting for non-180

linear interactions within the spectrum and all physically meaningful dissipation mechanisms in181

the thermosphere, which had been ignored by all existing GW schemes, as discussed in the work182

by Yiğit & Medvedev (2013) and Medvedev et al. (2017).183

The GW scheme calculates the vertical evolution of the vertical flux of GW horizontal mo-184

mentum (scaled by density), F/ρ̄ = u′w′(z) = (u′w′, v′w′), iteratively taking into account the185

effect of wave dissipation on a broad spectrum of GW harmonics. In Earth’s atmosphere, the wave186

vertical damping rate (denoted by β) encompasses a combination of processes such as nonlinear187

dissipation due to wave-wave interactions βnon (Medvedev & Klaassen, 2000), molecular diffu-188

sion and thermal conduction βmol, ion-neutral friction, or just ion drag βion, radiative damping189

βrad and eddy viscosity βeddy . The total effect of these dissipation terms βtot is included in the190

transmissivity term for a given harmonic τi (Yiğit et al., 2009):191

τi(z) = exp

[
−
∫ z

z0

βi
tot(z

′)dz′
]
, (5)

where192

βi
tot = βi

non + βi
mol + βi

ion + βi
rad + βi

eddy. (6)
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Then, the variation of the transmissivity controls how the wave flux evolves with altitude:193

u′w′i(z) = u′w′i(z0)
ρ̄(z0)

ρ̄(z)
τi(z). (7)

In the above relations, the subscript i indicates a given GW harmonic, the overbars denote an194

appropriate averaging, and u′w′i(z0) and ρ̄(z0) are the fluxes and mean mass density, respectively,195

at a certain source level z0. Note that total absolute wave momentum flux is obtained by summing196

up the contributions of the individual harmonics in the spectrum as197

ρ̄ |u′w′|(z0) = ρ̄

M∑
i

|u′w′i|(z0). (8)

The expression for temperature fluctuations associated with GWs follows from the equality of198

potential and kinetic energy under the approximation of mid-frequency waves:199

T ′2 = u′2
(
N(z)

g

)2

T̄ 2. (9)

As in all other GW schemes, specification of a characteristic horizontal wavelength is re-200

quired. Based on past studies, we assume it to be λh = 300 km. Unlike in other conventional201

schemes, no intermittency factors are used here, and account is taken of interactions between GW202

harmonics, rather than considering them as a mere superposition of individual waves.203

The acceleration/deceleration (i.e., “drag”) ai imposed by a GW harmonic on the mean flow204

is given by205

ai =
1

ρ̄(z)

∂ [ρ̄(z)u′w′i]

∂z
, (10)

and the total drag a is then206

a =

M∑
i

ai (11)

GW thermal effects are composed of two physical processes: an irreversible heating qirr,207

and a differential heating/cooling qdif , the expressions for which have the form (Yiğit & Medvedev,208

2009, 2010):209

qiirr =
1

cp
ai(ci − ū), qidif =

H(z)

2Rρ(z)

∂ [ρ(z) ai (ci − ū)]

∂z
, (12)

where H = RT (mg)−1 is the density scale height, R = 8.3145 J mol−1 K−1 is the universal210

gas constant, and m is the molar mass of the air. The net heating/cooling rate qgw is then the sum211

of the contributions from all waves:212

qgw =

M∑
i

qiirr +

M∑
i

qidif . (13)
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Figure 1. Default gravity wave spectrum launched at the source pressure level (p = 100 hPa, ∼ 15 km) plotted

as a function of harmonic’s horizontal phase speed. The blue and red curves show the symmetric and asymmetric

spectra, respectively. The symmetry property of the spectrum is dependent on the variations of the wind at the

source level u0 = ū(z0), which is assumed to be 15 m s−1 in the figure for illustrative purposes. In the GCM u0

has spatiotemporal variability. The spectral parameters of the standard spectrum are as follows: cw = 35 m s−1

and u′w′max = 2.5× 10−3 m2 s−2. M = 34 harmonics are used.

This scheme has extensively been tested for the terrestrial (e.g., Yiğit et al., 2009, 2014;213

Yiğit & Medvedev, 2017; Miyoshi & Yiğit, 2019) and planetary atmospheres (e.g., Medvedev et214

al., 2011, 2013, 2016; Yiğit et al., 2018).215

The default spectrum at the launch level (100 hPa, ∼ 15 km) used in the simulations repre-216

sents horizontal momentum fluxes of harmonics as a function of their phase speeds (Yiğit et al.,217

2009, sect. 3):218

u′w′i(z0) = sgn(ci − ū0)u′w′max exp

[
−(ci − u0)2

c2w

]
, (14)

where u′w′max is the magnitude of the momentum flux, ci is the horizontal phase speed of the219

harmonic i, u0 = u(z0) is the background wind at the source level, and cw is the half-width at half220

maximum of the Gaussian spectrum. It is seen that the distribution of the momentum fluxes with221

respect to the phase speeds are shaped by the background winds. For the standard spectrum, the222

following spectral parameters are adopted: cw = 35 m s−1 and u′w′max = 2.5 × 10−3 m2 s−2.223

We useM = 34 harmonics, and the horizontal phase speeds range from +80 m s−1 to –80 m s−1,224
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distributed logarithmically. Two versions of the spectrum are shown in Figure 1 – a symmetric225

(blue, u0 = 0 m s−1) and an asymmetric (red, u0 = 15 m s−1). In this context, symmetry226

refers to the shape of the spectrum with respect to 0 m s−1 phase speed. Formally, the symmetric227

spectrum means that the background wind variations at the source level are not accounted for, i.e.,228

u0 = 0 m s−1. The rationale for the spectrum asymmetry is given in the paper of Medvedev et al.229

(1998). Thus, in every grid point and in every time step during model simulations, the spectrum230

can evolve depending on the variations of the winds at the source level.231

In the rest of the paper, this default spectrum will be modified using TIMED/SABER ob-232

servations as a guide, and the response of the middle and upper atmosphere will be studied in233

sensitivity tests.234

2.4 Model Simulations and Experiment Design235

The GCM was run from March equinox to May 1, 2010, which was subsequently used as the236

start-up point for all test simulations. We use the asymmetric default spectrum, i.e. with variable237

source winds, in the simulations to be presented in this paper. Then, simulations continued till the238

end of July 2010, assuming constant spectral parameters listed in the previous section (hereafter239

referred to as experiment EXP0). The subsequent simulations have been performed with the240

modifications of the source motivated by the previously observed hemispherically-asymmetric241

distribution of GW activity in the lower stratosphere (e.g., Geller et al., 2013; Ern et al., 2018).242

For this, we take as a proxy the latitudinal variation of the GW activity observed by SABER in243

the lower atmosphere. Model data are output every 3 hours during the June-July period. These244

3-hour outputs are used for all the longitudinal (zonal) and 60-day time averages to be presented.245

2.5 Adjustment of the Source Spectrum246

We adopt different latitudinal shapes of the source momentum flux in the troposphere, using247

SABER observations in the stratosphere as a guide. This is achieved by adjusting the magnitude248

of the momentum flux in the source spectrum as249

u′w′max(θ) = u′w′max × [1 +A sin4(2θ ±∆θ)], (15)

where θ is the latitude, A is the adjustment coefficient and ∆θ specifies the latitudinal shift of250

the peak. A = 0 corresponds to the standard spectrum (EXP0). A > 0 with ∆θ = 0 yields a251

sinusoidal dependence that peaks at ±45◦, as shown in Figure 2 for A = 0.5 (cyan curve). For252

sensitivity experiments, we selected two additional setups that bring the source closer to observa-253

–10–
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Figure 2. Latitudinal factors used in the GW source spectrum for the maximum source momentum flux at 15

km, u′w′max, in simulations EXP0, EXP1, and EXP2, plotted in terms of how much the peak source momentum

flux has been increased, somewhat mimicking the variations seen in SABER GW momentum flux observations.

EXP0 (black) is the standard spectrum used in the parameterization. EXP1 (blue) assumes a sinusoidal variation

of the maximum source flux with an amplitude of 50% increase with respect to EXP0 (hence the factor 1.5) and

shifted by 10 degrees southward. EXP2 (red dashed) is similar to EXP1, but the maximum source flux is doubled

in the Southern Hemisphere (i.e., AS/N = 2.0/1.5).

tions, while incrementally demonstrating associated changes in the middle and upper atmosphere.254

In EXP1, we introduce a southward latitudinal shift of the peak by ∆θ = 10◦, while preserving255

the overall sinusoidal distribution in latitude. Further, we assume a 50% increase of the momen-256

tum flux magnitude in both hemispheres (A=0.5). In EXP2, we repeat EXP1, but increase the257

benchmark source strength in the Southern Hemisphere (SH) by 100% and adopt this as the am-258

plitude of the sinusoidal variation, as seen in Figure 2, resulting in a hemispheric asymmetry not259

only in the location of the peak momentum flux, but also in terms of the peak source strength of260

GW fluxes. Note that scaling the maximum source strength also equally scales the total absolute261

momentum flux (8) contained in the spectrum.262

3 Comparison with Observed Wave Activity in the Stratosphere and Mesosphere263

We next compare in Figure 3 the GW activity modeled in the three experiments to SABER264

observations. This is done for three vertical levels in the stratosphere and mesosphere for June-265

July 2010 conditions. The mean total absolute momentum flux calculated with Equation (8) for266

EXP0 (black), EXP1 (blue), EXP2 (red), as well as SABER absolute momentum fluxes (green)267

are shown with different colors, while the different line styles represent the fluxes at 15 km (solid268

–11–
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Figure 3. Comparison of the modeled zonal mean total absolute horizontal momentum flux among the different

experiments and SABER at 15 km (solid line), 32.5 km (dashed), and 87.5 km (dotted). The model simulations,

EXP0 (black), EXP1 (blue), and EXP2 (red), are represented by different colors.

line), 32.5 km (dashed line), and 87.5 km (dotted line). The fluxes at the last two vertical levels are269

averaged in 5-km vertical bins centered around the respective levels for intercomparison between270

the model and data.271

In the stratosphere, not only the modeled GW activity is overall smaller compared to SABER,272

but the simulated latitude variations are rather weak in the benchmark run. This is expected to273

be, as SABER observes a broad range of wavelengths, while the parameterization considers only274

small-scale GWs with the characteristic horizontal wavelength of 300 km. Nevertheless, the mod-275

eled GW activity is similar to SABER at low-latitudes and NH high-latitudes. The observations276

show overall a more pronounced hemispheric difference, with GW activity peaking around mid-277

latitudes, and with stronger GW activity in the SH. Close inspection shows that the observed278

latitudinal variation of GW activity appears to be close to the sinusoidal shape with two peaks279

in the midlatitudes somewhat shifted southward away from ±45◦. It is also seen that the mod-280

eled GW activity significantly evolves from 15 to 32.5 km in terms of magnitude and latitude281

structure, mainly owing to lower atmospheric filtering of slow phase speed harmonics from the282

incident spectrum. Introducing a sinusoidally varying latitude-dependent modulation with peaks283

situated at 55◦S and 35◦N (EXP1) improves the comparison of the fluxes with SABER. Dou-284

bling the SH peak flux in EXP2, while keeping the NH values the same as in EXP1, introduces285

–12–



manuscript submitted to Earth and Space Science

the hemispheric asymmetry both in the magnitude and location of the peaks similar to what is286

observed by SABER. This makes the comparison with SABER more favorable.287

In the mesosphere, the modeled fluxes are larger than the observed, especially at midlati-288

tudes, and the response of the fluxes to the source modulation is not linear. Thus, increasing the289

source flux in a latitude-depend manner in EXP1 and EXP2 produces smaller wave activity at290

these altitudes. This is primarily due to the enhanced nonlinear dissipation as a consequence of291

increased interaction of harmonics having larger amplitudes in the middle atmosphere. The best292

comparison with the observations is achieved in EXP2, where the mesospheric GW flux smoothly293

varies with latitude, reminiscent of the SABER data. SABER is less reliable in the cold summer294

mesopause region, therefore the data poleward of the 40◦N are not included in the above analysis.295

Interestingly, different from the stratosphere, SABER absolute momentum fluxes at 87.5296

km altitude are lower than the parameterized momentum fluxes. The likely reason is that SABER297

underestimates the contribution of short horizontal wavelength GWs that become more important298

in the mesopause region.299

As the model is forced by NCEP and GSWM data at the lower boundary, it is important to300

note that the source level winds are time-dependent and vary with geographical location. Hence,301

the momentum flux distribution at the lower boundary is expected to be time-dependent and geo-302

graphically variable as well, despite to the fact that all the spectral parameters in the asymmetric303

default spectrum are kept constant. We next explore how changes in the GW sources in the tropo-304

sphere modify the simulated circulation in the middle and upper atmosphere.305

4 Mean Zonal Winds306

Figure 4 presents the mean zonal winds for the three model simulations: (a) the benchmark307

run with the standard GW spectrum EXP0, (b) the run with the latitude-dependent sinusoidal spec-308

trum, 10◦ southward shift, and increased by 50% with respect to the benchmark run magnitude in309

both hemispheres (EXP1), and (c) the run with the latitude-dependent as in EXP1 spectrum, but310

the increased by a factor of 2 (i.e., by 100%) flux in the SH. For comparison, the UARS mean311

zonal winds are shown in panel d (see also Swinbank & Ortland, 2003).312

During the considered solstice season, the circulation in the middle atmosphere consists of313

the westerlies in the winter SH and easterlies in the summer NH. They are maintained by the Cori-314

olis torque associated with the large-scale summer-to-winter meridional circulation cell. Above,315

in the upper mesosphere, the GW momentum forcing produces reversals of the jets that are cap-316
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Figure 4. Zonal mean winds (black contours) and differences (color shading) for the 2010 June-July period:

(a) EXP0: Benchmark simulation; (b) EXP1: using sinusoidally varying GW spectrum with a factor of 1.5 en-

hancement of the peak horizontal momentum flux in both hemispheres and a southward latitudinal shift of 10◦

with respect to EXP0; (c) EXP2: same as EXP1 but with a factor of 2 enhancement in the SH; (d) UARS winds.

The contour intervals for the zonal winds and wind differences are 10 m s−1 and 5 m s−1, correspondingly. The

differences between a given run (EXP1 or EXP2) and the benchmark run (EXP0) are implied.

tured by the model at around∼ 90−100 km. In the NH, they are located slightly lower in altitude317

and are stronger than in the SH (50 m s−1 vs. 10 m s−1), as is seen in all the simulations. These318

features grossly agree with the UARS winds averaged over June and July. It is those relatively319

subtle differences associated with modifications of GW sources, which are of our interest.320

Simulation EXP1 produces significant global changes in the mean zonal winds above 60321

km, especially in the region poleward of midlatitudes in the SH, around the tropical region and in322

the midlatitudes of the NH. Thus, the winter westerlies are slowed down by about –20 m s−1 in323

EXP 1 around 60◦S in the mesosphere. This effect is even stronger in EXP2, where the source324

GW flux was larger.325

Significant changes are seen also around equatorial latitudes in the MLT. Increasing the326

magnitude of the source momentum flux and shifting southward its sinusoidal latitude distribution327

increases the equatorward tilt of the eastward mesospheric jet in the SH, bringing the wind fields in328
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better agreement with observations. The agreement is even better, if the source flux is magnified329

in the SH more than in the NH, as done in EXP2. This brings the simulated jet closer to the330

observed structure with ∼10 m s−1 winds around the equator at 95 km.331

The basic structure of the thermospheric circulation resembles the middle atmospheric cir-332

culation, but its magnitude and distribution are strongly modified via interactions with the iono-333

sphere and with sources of magnetospheric origin. In the high-latitude thermosphere above the334

turbopause, zonal winds are affected by Joule heating and particle precipitation, in addition to the335

Coriolis torque associated with the mean meridional summer-to-winter circulation. If forcing by336

GWs is not accounted for, the jets in the mesosphere reverse back above∼120 km, and the pattern337

of the thermospheric zonal winds replicates that in the stratosphere. Inclusion of GW effects in the338

“whole atmosphere parameterization” modifies the simulated winds in the thermosphere, as was339

previously discussed (Yiğit et al., 2009), nudging them closer to the observationally-based Hori-340

zontal Wind Model (HWM). In particular, they weaken the westerly jet in the winter SH and even341

reverse it to easterlies in high latitudes. Introducing the latitudinal dependence and increasing the342

magnitude of the GW sources in the lower atmosphere produces a noticeable, but less dramatic343

effect in the upper thermosphere. As is seen in Figures 4b and c, GWs impose a drag on the zonal344

winds at high-latitudes of both hemispheres and accelerate them in other regions. The associated345

magnitude of the wind changes varies between ±10 m s−1 and depends on latitude.346

5 Gravity Wave-induced Dynamical Effects and Temperature Fluctuations347

To elucidate the effects of GWs, we plotted the associated zonal momentum forcing in348

Figure 5. The GW drag represents a major source of the zonal momentum in the MLT and349

significantly contributes to the momentum budget of the thermosphere. This is clearly seen in the350

presented model simulations. The mean westward GW drag of 160 m s−1 day−1 at around 80351

km in the SH midlatitudes and eastward drag of more than ∼ 200 m s−1 day−1 are responsible352

for the reversal of the mean mesospheric zonal winds shown in Figure 4. In the thermosphere, the353

strong eastward GW forcing concentrates at high-latitudes of both hemispheres with larger values354

in the NH. This agrees with previous modeling studies using parameterized GWs (e.g., Yiğit et355

al., 2009) and GW-resolving GCMs (e.g., Miyoshi et al., 2014).356

The color shades in Figure 5 highlight the changes in the zonal GW drag introduced by357

the modification of GW sources in the troposphere. In the MLT, the midlatitude westward drag358

strengthens at lower altitudes and weakens at higher altitudes, as indicated by the alternating red359
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Figure 5. Same as in Figure 4a-c, but for the zonal mean GW drag. The contour intervals are 40 m s−1 day−1

between ±200 m s−1 day−1 and 100 m s−1 day−1 for the drag values with magnitudes larger than 200

m s−1 day−1.

and blue patterns. This effect is more pronounced in EXP2, where the source flux was further360

increased in the SH. Accordingly, the GW drag above the turbopause enhances as well, to a larger361

degree in the high-latitudes of the SH compared to the NH. The 40 m s−1 day−1 increase of362

the westward forcing at low-latitudes around 100–150 km in the NH clearly correlates with the363

acceleration of the westward wind in this region as seen in Figure 4.364

Further insight into the wave activity can be gained by studying temperature fluctuations365

|T ′| = (T ′2)1/2 induced by the upward propagating GWs. They are presented in Figure 6 along366

with those retrieved from SABER observations. While GW drag provides directional information367

on the wave field, |T ′| is a scalar that characterizes a global picture of GW activity. In the meso-368

sphere, it is larger in the midlatitudes. The maximum values of |T ′| = 6 K and 8 K occur in the SH369

and NH, respectively, with the latter located somewhat higher, similar to the behavior of the zonal370

GW drag. In the thermosphere, GW-induced temperature fluctuations are much larger, especially371

at the low- and high-latitudes in both hemispheres. Specifically, the regions of the largest activity372

are seen around 120–130 km, the equator (|T ′| ∼ 12 K), at 120 km around 75◦S (|T ′| ∼ 14 K),373

and between 200 and 280 km around 75◦N (|T ′| ∼ 22 K).374
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Figure 6. Same as in Figure 4a-c, but for the GW-induced temperature fluctuations |T ′|. The SABER GW ac-

tivity is shown in panel (d). The contour intervals are 1 K between |T ′| = 1−9 K and 2 K between |T ′| = 10−22

K.

Modifications of the GW flux at the source level in the troposphere (EXP1 and EXP2)375

produces some changes in the SH above 60 km and in the tropics above 80 km. Poleward of 60◦S376

in the lower mesosphere, the magnitude of temperature fluctuations increases, while it decreases377

in the upper mesosphere. This effect is more evident, when the source flux is further increased378

in the SH (EXP2). Figure 6d presents the associated SABER temperature fluctuations between379

30 km and 90 km. It shows a more latitudinally uniform distribution of |T ′| in the mesosphere.380

The model predicts slightly larger |T ′| at midlatitudes than at low latitudes. Apart from these381

differences, the magnitudes of the simulated temperature fluctuations of ∼ 6-7 K in the middle382

atmosphere are compatible with the SABER values. Note that the latter greatly exceeds the former383

in the troposphere and stratosphere. The explanation for this behavior is discussed further in the384

text.385

6 Mean Temperature386

The mean temperature distribution for the 2010 June-July average is seen in Figure 7, pre-387

sented in the same manner as the mean fields above, along with the retrieved SABER tempera-388
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Figure 7. Panels (a)-(c) are the same as in Figure 4, but for the neutral temperature. Simulations are compared

to the SABER temperatures in (d).

tures. All runs reproduce the reversal of the temperature gradient in the mesosphere, where the389

summer mesopause is colder than the winter one owing to the GW momentum deposition and as-390

sociated changes in the mean meridional circulation and adiabatic heating/cooling. The additional391

runs with modified GW source spectrum both consistently show changes of the mean temperature392

above 40–60 km. The greatest effects are seen in the middle atmosphere at SH high-latitudes.393

There, between 40–70 km in the upper stratosphere and mesosphere, the simulated temperature394

increases up to ∼ 15 K in EXP1 and more than 27 K in EXP2, while above 70 km up to 120 km,395

temperature is lower by up to –10 K and –14 K in EXP1 and EXP2, respectively. Higher up in the396

thermosphere, there is a cooling of –4 to –8 K. While relative temperature changes in the middle397

atmosphere are in the order of ±10%, they are much smaller (around −1 to −2%) in the ther-398

mosphere. In the summer mesopause, the modeled mean temperature is slightly lower than that399

measured by SABER. However, the overall mean temperature distribution is in good agreement400

with SABER observations up to 110 km.401

–18–



manuscript submitted to Earth and Space Science

60S 30S EQ 30N 60N
Latitude [ ]

60
80

100
120
140
160
180
200
220
240
260
280
300

Al
ti

tu
de

 [
km

]

-50
-40

-3
0

-30-2
0

-20

-10

-10

-10

-10

-1
0

  0

  0

  0

  0

  0   0

 1
0

 10

 1
0

 1
0

 20

 30
 40 5

0

  0

  0
  0

  0

  0   0

(a) q EXP0

60S 30S EQ 30N 60N
Latitude [ ]

-50
-40

-30 -30

-20

-20

-10

-10

-1
0

-1
0

-10

  0

  0
  0

  0

  0   0

 1
0

 10

 10

 10  20

 3
0

 40

 5
0

  0

  0

  0

  0

  0   0

(b) q EXP1 = 10, AS/N = 1.5/1.5

60S 30S EQ 30N 60N
Latitude [ ]

-5
0

-40

-3
0-2

0
-2

0

-20-1
0

-10-1
0

-10

-10

  0

  0

  0

  0

  0   0

 1
0

 10

 10

 20

 30
 4

0

 50

  0

  0

  0

  0

  0   0

(c) q EXP2 = 10, AS/N = 2.0/1.5

30 20 10 0 10 20 30
GW heating/cooling difference, q, [K/day]

Figure 8. Panels (a)-(c) are the same as in Figure 4, but for the GW heating/cooling rates. The contour intervals

are 10 K day−1 between ±50 K day−1 and 20 K day−1 for values with magnitudes larger than 50 K day−1.

7 Mean Gravity Wave Thermal Effects402

GW-induced heating/cooling rates are shown in Figure 8 in the same the manner as in403

the previous figures for the mean fields. The majority of the thermal effects are concentrated404

at high-latitudes in the thermosphere, while some are seen in the upper mesosphere and lower405

thermosphere. GWs mainly heat the middle thermosphere and cool the upper thermosphere (Yiğit406

& Medvedev, 2009). There is a visible hemispheric asymmetry in GW thermal effects with clearly407

larger values in the NH than SH, following the distribution of the GW dynamical effects and GW408

activity. Around 120 km in the high-latitude SH, a localized region of large GW cooling is seen409

along with a region of cooling in the low-latitude lower thermosphere of up to –20 K day−1.410

While all three simulations produce a similar global distribution of GW thermal effects, some411

differences are seen in their magnitudes. Again, the main differences are in the high-latitude SH.412

Around 120 km in the high-latitude SH, the localized cooling intensifies from –20 K day−1 to413

–30 K day−1 in EXP1 and to –40 K day−1 in EXP2. At higher altitudes, shifting the GW sources414

southward produces a relative warming in the middle thermosphere and a relative cooling in the415

upper thermosphere, especially in the SH high-latitude above 240 km. Theoretical discussions416
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of GW heating/cooling rates in terms of the divergences of the sensible heat flux and energy flux417

associated with viscous stresses can be found in the works by Medvedev & Klaassen (2003) and418

Hickey et al. (2011).419

8 Discussion420

8.1 Comparison of Gravity Wave Momentum Flux with SABER Observations421

While SABER serves as a powerful tool to study the global climatology of GW activity, in422

fact, we cannot directly use its observations to validate the model because of a number of reasons.423

First, in SABER the total absolute momentum flux is a derived quantity that relies on the GW424

polarization relations, while in our modeling we prescribe GW activity in terms of momentum425

fluxes for each GW harmonic as u′w′(ci) (Equation 14). There are alternative ways of defining426

GW activity, for example in terms of momentum flux spectra as functions of wave frequencies and427

wave numbers (e.g., Tsuda et al., 2000; Orr et al., 2010). Second, high-quality reliable SABER428

GW data do not extend all the way down to the lower boundary of the model, which is at ∼15429

km. Third, SABER captures a broader range of wavelengths than what is considered in the GCM,430

as we specifically parameterize subgrid-scale GWs with a representative horizontal wavelength of431

300 km. One could technically launch the GW spectrum at 30 km using SABER fluxes, however432

this would not only be an extreme overestimation of the modeled small-scale GW activity, but433

also the alternative launch level of 30 km would be far away from the primary source of those434

nonorographic GWs that have dynamical importance for the middle and upper atmosphere, as435

the primary source is rather close to the tropopause. It is important to note that a GW scheme436

exclusively accounts for the subgrid-scale GWs unresolved by the GCM, while SABER observes a437

broad range of GW scales. In the stratosphere, larger-scale inertia GWs can play an important role.438

These waves are resolved in the model to a large extent, rather than parameterized. Note that the439

inertia GWs contribute to the observed SABER momentum flux at 30 km at the longer wavelength440

part. Therefore, the most instructive approach for our purpose was to use a sinusoidal function441

that mimics the latitudinal variation of GW activity in the the lower atmosphere as observed by442

SABER and other satellite instruments, and as simulated by high resolution global models.443

While the latitudinal variations of GW momentum fluxes are similar in satellite observations444

and high resolution model simulations, with the latter being widely independent of the resolved445

GW horizontal scales, average horizontal wavelengths of GWs observed by SABER are compa-446

rably long. Partly, this is due to the large spectral range covered by SABER. In addition, only447
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along-track horizontal wavelengths (i.e., parallel to the direction of the measurement track) can448

be derived from SABER observations. They overestimate the true GW horizontal wavelength.449

Average horizontal wavenumbers for boreal summer observed by SABER can be seen from the450

climatology shown in the paper of Ern et al. (2018, Figure 10c). The average zonal wavenum-451

bers given there correspond to an along-track horizontal wavelength of about 1000 km at 30 km452

altitude, and to about 1500 km in the mesopause region. As was argued by Ern et al. (2017), the453

true GW horizontal wavelengths might be about a factor of two shorter (i.e., 500 km and 750 km,454

respectively).455

Since SABER GW momentum fluxes correspond to a wider spectral range, including also456

longer horizontal wavelengths, a comparison of observed and modeled momentum flux magni-457

tudes is not directly possible. This brings into consideration a more general distinction between458

the modeled and observed GW activity. Only absolute momentum fluxes can be derived from459

SABER observations, which implies a cancellation of contributions of individual GW harmonics460

in the spectrum to the vector sum of momentum fluxes and assigning its absolute value to a single461

harmonic with the dominant relatively long wavelength. In the parameterization, each harmonic462

with the subgrid-scale characteristic wavelength contributes to the total GW variance and, thus,463

to the activity defined through the absolute momentum flux (or kinetic/potential wave energy).464

Moreover, the forcing produced by breaking/dissipating harmonics propagating along the local465

wind in opposite directions exactly cancel each other, while their contributions to the wave ac-466

tivity sum up. Since the primary goal of GW parameterizations is to substitute for the forcing467

from missing in the models subgrid-scale waves, such harmonics are “useless”, to some degree.468

If the goal was to match the simulated and observed GW activity in the troposphere and lower469

stratosphere, one could introduce at the launch level harmonics propagating in various directions.470

However, these waves have very little contribution to the momentum forcing, especially in the471

lower layers in the stratosphere, and are largely filtered out by the varying mean winds on their472

way up to the mesosphere and above. Of course, GW heating/cooling rates do not depend on473

the direction of waves, but they are negligible in the stratosphere. The fact that the agreement474

between the modeled and observed by SABER GW activity/temperature variations in the upper475

atmosphere is much better than around the launch level provides some optimism that the param-476

eterization with the chosen preferential propagation direction of GW harmonics (along the mean477

wind at the source level) well captures their gross effects in the middle and upper atmosphere.478
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8.2 Gravity Wave Drag Versus Gravity Wave Activity479

GW activity, for example in terms of temperature fluctuations (Figure 6) and drag (Figure480

5) characterizes different aspects of the wave field. First, while the wave activity is a measure of481

the presence and magnitude of harmonics in a given point, GW drag is related to their dissipation482

and vertical decay. Freely propagating waves show vertically growing activity and produce no483

drag. On contrary, in the regions where GWs dissipate and/or break, the activity reduces and drag484

imposed on the mean flow by each harmonic of the spectrum is no longer zero. Second, the wave485

activity is a positively defined quantity, while the drag is a vector. Thus, two dissipating harmonics486

propagating in opposite directions and carrying large momentum fluxes of opposite signs could487

cancel each others’ effects, yielding no net dynamical effect impact on the mean flow. However,488

GW activity in the same region can be totally different, since their contributions are summed up.489

For example, the body force per unit mass produced by dissipating GWs at low-latitudes is much490

smaller than at high-latitudes (Figure 5), however the associated GW activity is comparable to the491

high-latitude values.492

The example above illustrates how consideration of both GW drag and variance can pro-493

vide an insight into GW processes in the atmospheres. In the middle-to-high-latitude region,494

GW harmonics encounter enhanced wind filtering by the underlying strong atmospheric winds.495

Waves from the broad spectrum traveling against the background wind would then survive filtering496

and reach higher altitudes relatively unattenuated. Upon breaking/dissipation at large amplitudes497

(large |T ′|), they impose large drag on the mean flow. In the tropics, the mean winds are signifi-498

cantly weaker, and their directions alternate with height. A portion of GW harmonics with phase499

speeds exceeding the local wind then evade filtering and reach the mesosphere and thermosphere,500

yielding a significant amount of |T ′| (Figure 6). However, the momentum deposited by harmon-501

ics moving in opposite directions cancel each other to a certain degree, thus the total GW drag is502

relatively small at low-latitudes (Figure 5).503

A significant amount of atmospheric GW observations characterize GW activity by study-504

ing temperature or density perturbations and the resulting wave potential energy per unit mass505

(e.g., Wilson et al., 1990; Tsuda et al., 2000; John & Kumar, 2012; Yue et al., 2019). While these506

quantities provide a highly needed picture of the intensity of GWs in the atmosphere, variation of507

the wave fluxes as well as background winds have to be considered in order to gain a more com-508

plete picture of GW dynamics. Studying GW processes with GCMs constrained by observations509

can provide insight into both aspects of GW fields, the activity and dynamics.510
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8.3 Spectral Shift of the Source Spectrum511

Due to the complexity of small-scale GW processes, GW schemes typically use a uniform512

and homogeneous distribution of wave activity, described in terms of momentum fluxes as func-513

tions of phase speed. However, even in the benchmark case (EXP0), where the constant source514

strength u′w′max is used, the geographical distribution of the wave stress in the model is not515

constant, but exhibits a non-negligible variability due to temporal changes of the lower bound-516

ary winds, which affects the intrinsic phase speed at different locations. The adopted latitude-517

dependent GW source introduces variations of flux magnitudes, but does not change the intrinsic518

phase speeds at the lower boundary. Meanwhile, these phase speeds are of great importance for519

the GW activity and associated dynamical and thermal effects. They explicitly enter the expres-520

sions for the vertical damping rates β and, thus, affect the transmissivity τ (Equation (5)). The521

Doppler shift by the varying mean winds (and subsequent change of τ ) is responsible for multi-522

ple GW-induced phenomena in the middle atmosphere, such as semi-annual and quasi-biennial523

oscillations, and zonal jet reversals in the mesosphere.524

Our simulations show that a significant increase in the source strength produces less effects525

in the thermosphere compared to the middle atmosphere, as GW propagation there is controlled526

by the competition between the variation of the intrinsic phase speed and increase of molecular527

diffusivity with height. In the MLT region, GW effects are more sensitive to the variation of the528

source, since the increased source flux appreciably enhances nonlinear dissipation acting on the529

harmonics in the mesosphere. The latter manifests itself by the downward shift of the GW drag530

and activity maxima.531

9 Summary and Conclusions532

We have presented simulations with the Coupled Middle Atmosphere Thermosphere-2 (CMAT2)533

general circulation model (GCM) (Yiğit et al., 2009), incorporating a whole atmosphere subgrid-534

scale gravity wave (GW) parameterization of Yiğit et al. (2008). It was used for studying the535

response of the simulated mean fields and GW activity from the tropopause to the upper ther-536

mosphere to observationally-guided variations of GW sources in the lower atmosphere. For that,537

we incorporated a latitude-dependent GW source activity that resembles the one observed by538

TIMED/SABER in the lower atmosphere and explored the mesospheric and thermospheric ef-539

fects of upward propagating GWs. As a first approach we have investigated the boreal summer540

season. The main findings of our study can be summarized as follows:541
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1. The SABER observations of GW activity in the lower atmosphere suggest a distinct hemi-542

spheric asymmetry in the magnitude and location of the peak of absolute momentum fluxes.543

These hemispheric differences are due to a combination of seasonal differences and ocean-544

land contrasts.545

2. In order to mimic the observed total GW absolute momentum flux variations, we imple-546

mented a latitude-dependent GW source spectrum that varies sinusoidally and whose peaks547

can be adjusted to account for the hemispheric asymmetry. Increasing the source magni-548

tude and shifting the peaks by 10 degrees southward, somewhat resembling the SABER549

data, produces noticeable changes in the mean circulation above 60 km, especially in the550

region poleward of midlatitudes in the SH.551

3. Various formulations of GW activity, such as temperature fluctuations, or (zonal) drag,552

characterize different aspects of the wave field. While the activity is a measure of presence553

and magnitude of harmonics in a given point, GW drag is related to their dissipation and554

vertical decay.555

4. GW activity and associated dynamical and thermal effects strongly depend on the vertical556

structure of the horizontal momentum flux. SABER observations provide GW activity in557

terms of absolute momentum fluxes, which do not include directional information, while558

the GW parameterization specifies the GW activity in terms of vector fluxes and phase559

speeds.560

5. While SABER observes a broad range of wavelengths, including rather longer ones, GW561

parameterizations explicitly model small-scale harmonics assuming a single representative562

wavelength. Therefore, the total absolute momentum flux is smaller in the GW parameter-563

ization source spectrum than in the observations.564

6. In the middle and upper atmosphere, the agreement between the modeled and observed565

wave activity is much better. This occurs because the parameterization captures a portion566

of GW harmonics that penetrate to upper layers and produce relevant effects there.567

7. The response of the large-scale circulation in the middle and upper thermosphere is less568

sensitive to latitudinal variations of the GW source spectrum than in the mesosphere and569

lower thermosphere.570

Future studies can consider possible effects of longitudinal variations in GW sources in the571

lower atmosphere.572

–24–



manuscript submitted to Earth and Space Science

Acronyms573

CMAT2 Coupled Middle Atmosphere Thermosphere-2 General Circulation Model574

GCM General circulation model575

GWs Gravity waves576

IGRF International Geomagnetic Reference Field577

NCEP National Centers for Environmental Prediction578

NH Northern Hemisphere579

SABER Sounding of the Atmosphere using Broadband Emission Radiometry580

SH Southern Hemisphere581

TIMED Thermosphere Ionosphere Mesosphere Energetics Dynamics582
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