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Germany.
2

now at Institut für Atmosphäre und
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Abstract.

4

alyzing the dynamics of the total diurnal solar tide in the mesosphere and

5

lower thermosphere, comprising both the migrating and all nonmigrating com-

6

ponents. A comparison between this tide in the GCM and in published ob-

7

servations is relatively favorable. The linear model uses monthly means from

8

the GCM as background atmosphere and the diurnal heating rates from that

9

model as forcing. The background atmosphere may be longitude-dependent,

10

so that stationary planetary waves can be included. A straightforward anal-

11

ysis of corresponding effects is thus facilitated. To a large degree the seasonal

12

variability of the diurnal tide is due to variations in the background atmo-

13

sphere. In addition to corresponding previous results on the impact of the

14

zonal-mean atmosphere on the migrating tide the thermospheric tide is shown

15

to be strongly influenced by the variability of the absorption of solar radi-

16

ation by O2 . With regard to the nonmigrating tidal components, their most

17

important forcing mechanisms are tropospheric, as for the migrating tide be-

18

low the thermosphere, and their seasonal cycle is mostly controlled by vari-

19

ations of the background atmosphere. In the dynamics of these components,

20

however, the planetary waves take an active role. They can cause reductions

21

in the tidal amplitude, by destructive interference with the directly forced

22

nonmigrating tide, as for DS0 in February. The opposite effect of enhanc-

23

ing the tidal amplitude is also observed, in DW2 in the same season. The

24

component DE3 is controlled by an interplay between the variability of the

25

zonal-mean background and the diurnal heating. The correct simulation of

DRAFT

A GCM (HAMMONIA) and a linear model are used for an-
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a meridional-wind-amplitude minimum in this tide during May — August

27

seems to depend critically on the phase relation between the two.
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1. Introduction
28

The diurnal cycle of solar heating leads to a dynamic response of the atmosphere which

29

can be characterized as forced, horizontally and vertically propagating, large-scale waves

30

in both temperature and winds. Especially in the mesosphere, the amplitude of these

31

solar tides is so large that they represent a major component of atmospheric variability.

32

The solar heating happens mostly in the troposphere, via the absorption of incoming

33

radiation by water vapor and by latent heat release. A secondary role is played by the

34

absorption of solar radiation by stratospheric ozone. In addition, solar tides are modulated

35

sensitively by the propagation conditions they encounter between the forcing region and

36

the mesosphere/lower thermosphere (MLT). Via their dynamical fields they also influence

37

the upward propagation of smaller-scale gravity waves which are responsible for driving

38

the global circulation in the middle atmosphere. They are therefore an important element

39

of the coupling between the MLT and the atmospheric layers below. One may expect that

40

many aspects of variability in the troposphere and stratosphere are communicated to the

41

MLT by solar tides. A detailed understanding of the mechanisms controlling the forcing

42

and propagation of solar tides is therefore a prerequisite to understanding climate trends

43

and variability in this height region.

44

At night, solar heating is switched off completely. The time dependence of solar tides

45

is therefore not a harmonic oscillation with a 24h period, but must be described as a su-

46

perposition of tidal components oscillating at this period and its subharmonics. Likewise,

47

the emitting altitude range is not zonally symmetric, so that a rather complex spatial

48

dependence arises. In general, the spatial and time dependence of the signature of the
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solar tides in any dynamic variable X is given by
X(λ, φ, z, t) =

∞
X

{

³

An,0 (φ, z) cos nΩt − Φen,0

n=1

+

∞ h
X
s=1

´

³

Aen,s (φ, z) cos nΩt − sλ − Φen,s
³

w
+Aw
n,s (φ, z) cos nΩt + sλ − Φn,s

´io

´

.

(1)

50

Here λ and φ denote the geographic longitude and latitude, respectively. The altitude is

51

given by z, and t is the universal time. The rotation rate of the earth is Ω = 2π/24h.

52

The temporal subharmonics corresponding to n = 1, 2, 3 are the diurnal, semidiurnal, and

53

terdiurnal tide, respectively. Each is decomposed into a zonally symmetric part, with

54

zonal wave number s = 0, and east- and westward travelling components at zonal wave

55

e
w
numbers s > 0 with amplitudes Aen,s and Aw
n,s , and phases Φn,s and Φn,s , respectively. The

56

diurnal tide is the focus of this study. For conciseness, a westward or eastward travelling

57

component at wave number s will be called DWs or DEs, respectively. The name for the

58

corresponding zonally symmetric component is DS0.

59

The apparent movement of the sun around the globe is westward. A leading tidal

60

component of each temporal subharmonic is therefore the westward travelling one at wave

61

number s = n, called the migrating tide. Its movement is synchronous to that of the sun.

62

Historically, it was the migrating tides which first attracted most of the scientific interest,

63

with the traditional source of information being surface pressure variations [Chapman

64

and Lindzen, 1970]. Even more recently they have been studied using ground-based

65

measurements [Chang and Avery, 1997; Manson et al., 1999; Tsuda et al., 1999, e.g.] or

66

satellites [Hitchman and Leovy, 1985; Dudhia et al., 1993; Burrage et al., 1995; McLandress

67

et al., 1996; Khattatov et al., 1997; Wu et al., 1998; Shepherd et al., 1999; Oberheide et al.,
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68

2000; Huang and Reber , 2003; Zhang and Shepherd , 2005; Forbes et al., 2006; Huang et al.,

69

2006; Wu et al., 2006; Zhu et al., 2006, e.g.]. The diurnal migrating tide is thought to be

70

mainly forced by the direct absorption of solar radiation by tropospheric water vapor and

71

stratospheric ozone. Corresponding model studies have been performed, e.g., by Forbes

72

[1982]; Vial and Forbes [1989]; Hagan et al. [1995]; Akmaev et al. [1996]; Hagan et al.

73

[2001]; McLandress [2002a, b].

74

All the other components are summarized under the class of nonmigrating tides. These

75

can travel either westward or eastward, or remain standing (s = 0). Early observational

76

studies of nonmigrating tides are the ones by Wallace and Tadd [1974], using rawinsonde

77

data for the troposphere and stratosphere, and Yagai [1989], who derived nonmigrating

78

tidal signatures from surface pressure data. However, it was not before the advent of

79

global satellite measurements of winds and temperature in the middle atmosphere that it

80

became possible to well discriminate between the migrating and nonmigrating tides in the

81

mesosphere [Lieberman, 1991; Talaat and Lieberman, 1999; Luo and Meek , 2002; Manson

82

et al., 2004; Oberheide and Gusev , 2002; Forbes et al., 2003; Huang and Reber , 2004;

83

Forbes et al., 2006; Forbes and Wu, 2006; Oberheide et al., 2006; Zhang et al., 2006]. It

84

turns out that especially at low latitudes the nonmigrating contribution to the total tide

85

can be substantial. The mechanisms by which nonmigrating tides are produced have been

86

subject of various model studies [Hamilton, 1981; Kato et al., 1982; Forbes and Groves,

87

1987; Tsuda and Kato, 1989; Lieberman and Leovy, 1995; Ekanayake et al., 1997; Hagan

88

et al., 1997; Miyahara et al., 1999; Grieger et al., 2002; Hagan and Forbes, 2002, e.g.].

89

One of the important mechanisms emerging is the direct forcing of nonmigrating tides

90

by the nonmigrating component of latent heat release. This is thought to be the most
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91

relevant mechanism for the component DE3. Another one, however, is the modulation

92

of tides, produced by the migrating forcing in the troposphere, by stationary planetary

93

waves in the stratosphere. Hagan and Roble [2001] have studied this process with the

94

help of the Thermosphere Ionosphere Mesosphere Electrodynamics General Circulation

95

Model (TIME-GCM). A migrating diurnal tide was prescribed at the lower boundary

96

of the GCM (altitude 30km), as derived from a linear model with zonally symmetric

97

background. The GCM was then integrated with prescribed planetary wave activity

98

at the lower boundary. The mesospheric tide simulated by this model had significant

99

nonmigrating components, most notably DS0 and DW2. A more direct approach to

100

this problem is the one taken by Grieger et al. [2004], who used a linear model with a

101

background atmosphere including planetary waves. They also find a significant impact

102

from the interaction between migrating forcing and planetary waves. Indeed, Lieberman

103

et al. [2004] report a clear correlation between the planetary wave activity and DW2 and

104

DS0 in satellite data for the lower-mesospheric temperature.

105

An aspect of tidal variability attracting much attention is the seasonal cycle. The MLT

106

amplitude of the migrating diurnal tide exhibits a strong semiannual variation with max-

107

ima at equinox and minima at solstice. This is observed both by ground-based radar

108

[Vincent et al., 1988, 1998; Fritts and Isler , 1994; Manson et al., 2004], and on a global

109

basis from satellites [Hays et al., 1994; Burrage et al., 1995; McLandress et al., 1996;

110

Huang and Reber , 2003; Forbes et al., 2006; Forbes and Wu, 2006; Huang et al., 2006].

111

Model studies identify the seasonal variation of the zonal-mean winds in the middle at-

112

mosphere as the main cause for this behavior [McLandress, 2002a, b; Zhu et al., 2006].

113

The amplitudes of the nonmigrating diurnal tides undergo seasonal cycles which have
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semiannual contributions, but also exhibit a strong annual variation [Forbes et al., 2003;

115

Huang and Reber , 2004; Manson et al., 2004; Oberheide et al., 2005; Forbes and Wu,

116

2006; Oberheide et al., 2006; Zhang et al., 2006]. The mechanisms behind this seasonal

117

behavior are less clear. Oberheide et al. [2005, 2006] follow a similar strategy to the one

118

from Hagan and Roble [2001] in using a linear model (Global Scale Wave Model, GSWM)

119

and the TIME-GCM for simulating the seasonal cycle of the most important diurnal non-

120

migrating tides. The linear model, which does not describe the impact of planetary waves,

121

is reported to reproduce the seasonal cycle of DE3. This component therefore seems to

122

be controlled by the background atmosphere and the nonmigrating forcing, which is due

123

to latent heat release. An open question remaining here is which part both factors play

124

in determining the seasonal cycle of DE3. In the same studies, both the linear model and

125

the GCM, the latter again with a migrating tide and the planetary waves prescribed at

126

the lower boundary, yield seasonally varying components DS0 and DW2. These therefore

127

seem to be controlled by two processes, the interaction of migrating forcing and planetary

128

waves, and the direct nonmigrating forcing in interaction with a varying zonal mean in

129

the background atmosphere. Some uncertainties, however, also remain here. Firstly, the

130

respective role of variations in the zonal-mean background and the nonmigrating forcing

131

is not clarified within GSWM. Secondly, the TIME-GCM integrations are fully nonlinear;

132

corresponding feedbacks are not excluded. It is therefore not possible to simply add the

133

GSWM result to the one from the GCM so as to obtain the complete tidal signal.

134

A more conclusive picture could arise from a linear model with a background atmo-

135

sphere incorporating the most important stationary planetary waves. Such analyses shall

136

be reported here. The corresponding heat sources and background atmosphere are, how-
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137

ever, not obtained from observations but from a state-of the art GCM (HAMMONIA)

138

ranging from the ground into the thermosphere. The advantage of such an approach,

139

as also followed by McLandress [2002a, b], is the self-consistent framework available for

140

the various factors in play. It certainly necessitates, however, a detailed validation of the

141

tides in the GCM. The purpose of this study therefore is fourfold: (1) A comparison of

142

the tides in HAMMONIA with available observations, (2) a validation of the tides from

143

the linear model, (3) documenting within this framework the mechanisms causing the

144

migrating and nonmigrating diurnal tide in the mesosphere, and (4) analyzing the mech-

145

anisms responsible for the seasonal cycle of the most important diurnal tides. The paper

146

is thus structured as follows: Section 2 gives a short description of the GCM and presents

147

the diurnal tide in the model. The linear model and its tides are described in section

148

3. It is then used in section 4 for an analysis of the dynamics of the migrating diurnal

149

tide. A corresponding analysis of the most important nonmigrating tidal components is

150

given in section 5. The effect of a possible GCM deficiency, concerning the amplitude of

151

planetary waves, on the results of this study is assessed in section 6. The manuscript is

152

finally summarized and discussed in section 7.

2. HAMMONIA
2.1. The Model
153

The three-dimensional Hamburg Model of the Neutral and Ionized Atmosphere (HAM-

154

MONIA) is a state-of-the-art GCM that treats atmospheric dynamics, radiation and chem-

155

istry interactively. It is a spectral model with triangular truncation at wave number 31

156

(T31) and with 67 levels between the surface and 1.7·10−7 hPa (∼ 250km). The dynamical

157

core is identical to the one from the MAECHAM5 model [Giorgetta et al., 2006; Manzini
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158

et al., 2006]. The model includes comprehensive descriptions of the energy budget, the

159

water cycle, land surface processes, and a full dynamic and radiative coupling with the

160

MOZART3 chemical module [Kinnison et al., 2007]. On top of this it includes solar heat-

161

ing in the ultraviolet and extreme ultraviolet wavelength regime, a non-LTE radiative

162

scheme, energy and momentum deposition and eddy diffusion generated by gravity wave

163

breaking, vertical molecular diffusion and conduction, and a simple parameterization of

164

electromagnetic forces in the thermosphere (ion drag and Lorenz forces). A description

165

of the model, its climatology, and the simulation used in this study are given by Schmidt

166

et al. [2006].
2.2. The Diurnal Solar Tide in HAMMONIA

167

The model data used for the analysis are the fields for the zonal (i.e. west-east) and

168

meridional (south-north) wind, the temperature, and the diabatic heat sources from a

169

20-year integration under solar-minimum conditions, sampled every 3h. On each grid

170

point, with 48 equidistant longitudes (via interpolation from the model grid) and the 48

171

gaussian latitudes used by the model, and for each month a mean diurnal cycle has been

172

formed from the available 20 × 30 = 600 days. The tides at each grid point have then

173

been determined via a Fourier analysis in time, thus obtaining a signal for the periods

174

24h, 12h, and 8h, and the monthly mean. Following this, the global diurnal tide has been

175

decomposed into the various migrating and non-migrating components, according to (1).

176

In the following we discuss results at geometric altitudes. For the interpolation from the

177

model hybrid pressure levels to these altitudes we have used the geopotential heights from

178

the zonal-mean monthly-mean states. According to our analyses this is an appropriate

179

approach. The amplitudes of the geopotential fluctuations associated with the solar tides
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180

and the stationary planetary waves are everywhere less than 1km or 200m, respectively

181

(not shown).

182

The March low-latitude MLT amplitude and phase of the migrating diurnal tide in the

183

temperature and meridional wind are shown in Fig. 1. The phases are illustrated via

184

the local solar time, tL = t + λ/Ω, at which the respective maximum value is reached,

185

i.e. Φw
1,1 /Ω. These results are to be compared to corresponding observational analyses by

186

McLandress et al. [1996], Zhang et al. [2006], and Zhu et al. [2006]. Note that the phases

187

published by McLandress et al. [1996] are chosen to range between 0h and 24h, while

188

ours vary between -12h and 12h. The amplitudes of the diurnal tide in the meridional

189

wind are in reasonable agreement with the observations, both in the maximum values and

190

in the location where these are attained. The same holds for the phase structure, with

191

about the same vertical gradient, corresponding to a vertical wavelength of the tide near

192

20km. Also the lines of constant phase agree approximately with the observations. The

193

temperature amplitudes are again in quite reasonable agreement with the observational

194

analyses published by Zhang et al. [2006] and Zhu et al. [2006]. Also here the phase

195

gradient is about right, while the lines of constant phase are 5-10km lower than shown by

196

Zhang et al. [2006].

197

Fig. 2 shows the seasonal dependence of the low-latitude amplitude of the diurnal mi-

198

grating tide in the temperature at the altitudes 55km and 86km, and in the meridional

199

wind at 95km. Especially in the upper mesosphere one recognizes the well-known semian-

200

nual oscillation. Its agreement with the available observational results is quite good. The

201

temperature amplitude at 55km is in good agreement with the analyses of MLS data by

202

Huang et al. [2006], with an equatorial maximum of about 3K in March, and a somewhat
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203

weaker maximum in September. SABER data analyzed by the same authors also show

204

a similar behavior, however with a rather strong amplitude increase toward the southern

205

subtropics. The latter is not reproduced by the model. The temperature amplitudes at

206

86km are in good agreement with the SABER data analyses shown by Zhang et al. [2006].

207

The equatorial maxima in March and September are reproduced, as well as the secondary

208

maxima in the same months at ±30◦ latitude. The seasonal cycle of the meridional wind

209

at 95km can be compared with the satellite data analyses (TIDI and HRDI) by Huang

210

et al. [2006]. The differences between the model and the observational results are well

211

within the range of observational differences. The latter might at least in part be due to

212

an interannual variability averaged out by the model analysis.

213

As mentioned earlier, at least part of the nonmigrating diurnal tide is forced by non-

214

migrating components in the diurnal heating. As an example, the amplitudes of the

215

nonmigrating diurnal components of the tropospheric diabatic heating in the model, av-

216

eraged without mass weighting between 0.2km and 15.2km altitude, are shown for July in

217

Fig. 3. Forbes et al. [2003] attribute such spectra to the modulation of the zonal wave one

218

solar input by the orographic wave numbers 1 and 4 at low latitudes, resulting in diurnal

219

heating components at DE3, DS0, DW2, and DW5. The amplitudes of the modelled

220

July nonmigrating diurnal temperature tide components at 110km and 86km altitude can

221

be seen in Fig. 4. In agreement with available observational analyses, and for reasons

222

not analyzed here, the components DW3 and DW5 do not propagate significantly into

223

the MLT. For 110km altitude Forbes et al. [2006] show the corresponding decomposition

224

derived from August SABER data. There, DE3 turns out to be dominant. Indeed, the

225

HAMMONIA fields in August (not shown) exhibit a similar behavior, with the DE3 am-
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226

plitude above 14K, and two weaker maxima of DS0 of about 7K at ±30◦ latitude and

227

another one of DW2 of 3K on the equator. The spectral distribution of the nonmigrating

228

temperature tide at 86km can be compared to corresponding analyses of MLS data by

229

Forbes and Wu [2006]. The agreement here is less good. While the observations indicate

230

a dominant DW2 component of about 2-3K, the model has its strongest contribution

231

from DE3 with somewhat above 3K. What the model is also missing is any significant

232

extratropical contribution, while the observational analyses indicate quite strong activity

233

of DW2 and DS0 in the southern extratropics.

234

The seasonal cycle of the amplitudes of various nonmigrating components in the model

235

is shown in Fig. 5. Comparing this to the observational analyses of Forbes et al. [2003] and

236

Oberheide et al. [2005, 2006] one finds quite good agreement with the DW2 component

237

in the horizontal winds at 95km, especially the meridional wind. The horizontal wind

238

signal of DE3 reproduces the maxima in February/March and November in the meridional

239

wind, but misses the corresponding minimum in June — August. The zonal wind shows

240

a maximum near August, as the observations, but unlike the observations there is no

241

minimal activity in the other months. The temperature tides in Fig. 5 can be compared to

242

analyses of SABER data by Forbes et al. [2006]. The agreement in DE3 is quite reasonable,

243

with a prominent equatorial maximum in September. The model does, however, also

244

produce a secondary maximum around January, which is not found in the observations. As

245

for DW2, both the model and the observations maximize in November, but the latitudinal

246

structure is not reproduced as well. The maximum of DS0 occurs in the model around

247

June, while the observations rather place it around September.
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248

Summarizing the comparisons in this section, the HAMMONIA model simulates the

249

migrating diurnal tide in quite a realistic manner. This holds especially for the amplitudes,

250

including their seasonal cycle. Among the nonmigrating diurnal tides, the same dominant

251

components, DE3, DS0, and DW2, are found as in the observations. The seasonal cycle

252

of DW2 is reproduced rather realistically in the horizontal winds, less in the temperature,

253

that of DE3 matches the observations mostly in the temperature, but in parts also in

254

the meridional wind. The model agrees less well with the observations in the seasonal

255

behavior of DS0.

3. The Linear Model
3.1. Model Description
256

Mainly focussing in the following on those aspects of the diurnal solar tide in HAM-

257

MONIA which are at least roughly in agreement with the available observations, we use

258

a linear model for analyzing its dynamics. This model is basically the same as used by

259

Grieger et al. [2004]. Its algorithm is based on the one of KMCM (Kühlungsborn Mech-

260

anistic Circulation Model), the simplified GCM described by Becker and Schmitz [2002].

261

Via the automatic differentiation tool TAMC (Tangent Adjoint Model Compiler) of Gier-

262

ing and Kaminski [1998] the KMCM algorithm (without physics) has been linearized,

263

yielding a linearization of the primitive equations about an arbitrary reference state. In

264

the applications here the linear model uses as reference state any of the monthly mean

265

states obtained from the HAMMONIA data. In comparison with all other linear tidal

266

models we are aware of this is the only one which allows the reference state to be zonally

267

asymmetric. Stationary planetary waves are thus included. The model discretization em-

268

ploys spherical harmonics in the horizontal, with a triangular spectral resolution of T14.
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269

In the vertical, 60 levels on a hybrid pressure coordinate are used between the ground

270

and approximately 140km altitude. The level distribution can be deduced from Fig. 6.

271

The tides are obtained by forcing the model with the diurnal cycle of the HAMMONIA

272

diabatic heating. The model is, however, not integrated in time. Rather the model equa-

273

tions are Fourier transformed in time and the resulting set of linear equations for the

274

component at the diurnal frequency are solved by a preconditioned conjugate-gradient

275

method. In the light of its history the the model has been given the name LIN-KMCM.

276

Contributing heat sources taken from HAMMONIA are absorption of incoming short-

277

wave radiation, heating related to tropospheric condensation and convection, chemical

278

heating, and heat sources related to the ion drag (Joule heating) and to the dissipation

279

of gravity wave energy. The heating by outgoing long-wave radiation is parameterized

280

here by a newtonian cooling (see below). Explicitly adding the corresponding heating,

281

as diagnosed from HAMMONIA, did not change our results. Heating due to absorption

282

of solar irradiance is subdivided into three spectral regions: wavelengths λ longer than

283

250nm, between 120 and 250nm, and shorter than 120nm. In the following, these bands

284

will be called SW, SR, and EUV, respectively. While the first band is dominated by con-

285

tributions from tropospheric water vapor and stratospheric ozone, heating in the second

286

band (that includes in particular the Schumann-Runge bands and continuum) is mainly

287

due to absorption by O2 in the mesosphere and lower thermosphere, and the extreme UV

288

part of the spectrum is absorbed by atomic and molecular oxygen and nitrogen in the

289

thermosphere. The linear model can calculate the response to each of these heat sources

290

separately, which finally add up to produce the total signal.
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291

The model ’physics’ is very simple. Newtonian cooling is used to capture some aspects

292

of radiative damping (Fig. 6). As for the effects of gravity waves, experiments with the

293

Rayleigh damping used by Grieger et al. [2004] showed that it was rather contaminating

294

the phase structure of the simulated tides. We have therefore decided to replace it by an

295

altitude dependent 4th-order horizontal diffusion, modified in a manner ensuring angular-

296

momentum conservation [Becker , 2001]. The corresponding profile, shown in Fig. 6, was

297

tuned so as to yield a reasonable amplitude of the migrating diurnal tide in the MLT.

298

In addition to the horizontal diffusion a weak vertical diffusion of 1 · 10−2 m2 /s is used.

299

We suspect that the present handling of gravity-wave effects is a source of inaccuracy in

300

the model. It has been shown that, in comparison with simple descriptions by Rayleigh

301

friction, only an incorporation of the explicit interaction between gravity waves and tides

302

is able to yield realistic vertical wavelengths for the latter [Ortland , 2005a, b; Ortland and

303

Alexander , 2006]. On the other hand McLandress [2002a] found, in an analysis of a GCM

304

using the same gravity-wave parameterization as here in HAMMONIA, the gravity-wave

305

impact on the migrating diurnal tide to be rather weak. Nonetheless, corresponding model

306

improvements are planned for the future. For the time being, a successful performance of

307

the model with regard to specific aspects of tidal dynamics are taken as indications that

308

these are not predominantly due to the gravity-wave tidal interaction.
3.2. The Diurnal Solar Tide in the Linear Model

309

As a first indication of the performance of the linear model in comparison with HAM-

310

MONIA we show in Fig. 7 the amplitudes and phases of the March migrating diurnal tide

311

in temperature and meridional wind. This is to be compared to Fig. 1. One sees that the

312

linear model reproduces the essential aspects. As expected one also notes, however, that
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the vertical wavelength is longer than in HAMMONIA. This might be a direct effect of the

314

insufficient description of the interaction between gravity waves and tides. The seasonal

315

cycle of the migrating diurnal tide in the linear model is shown in Fig. 8. The comparison

316

with the behavior of HAMMONIA (Fig. 2) is quite favorable. As already discussed by

317

McLandress [2002a], gravity waves seem not to be a major factor for the explanation of

318

the semiannual oscillation of the migrating diurnal tide.

319

The linear model simulates the nonmigrating tides reasonably well. The spectral de-

320

composition is similar to the GCM (not shown). Also in this model the components DE3,

321

DS0, and DW2 dominate in the MLT. The seasonal cycles of their amplitudes are illus-

322

trated in Fig. 9. The agreement with the corresponding results from HAMMONIA (Fig.

323

5) is reasonable. It is interesting to note that there are even aspects which are simulated

324

by the linear model with greater similarity to the observations than by HAMMONIA.

325

This holds for the seasonal dependence of DE3 in the meridional wind, to be compared

326

to the analyses by Forbes et al. [2003] and Oberheide et al. [2005, 2006]. DE3 in the

327

linear model does not exhibit as clearly the June — August maximum in the meridional

328

wind which is produced by HAMMONIA. It appears that some aspect of the intrinsically

329

nonlinear dynamics of HAMMONIA might be causing problems in this regard.

4. Linear Dynamics of the Migrating Diurnal Tide
330

Having ensured the realism of the linear model with regard to simulations of the mi-

331

grating diurnal tide, it shall be used here for a short analysis of the dominant mechanisms

332

controlling its dynamics. We first look at which contributions of the diabatic heating are

333

most relevant in causing the tide. The linear model can calculate the response to each of

334

these heat sources separately, which finally add up to produce the total signal. Each of the
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335

responses can also be decomposed directly into the part due to the respective migrating

336

heating and the nonmigrating heat sources. The latter can contribute to the migrating

337

tide by their interaction with the stationary waves in the background. The process behind

338

this is a coupling, via the linear dynamics, between different zonal wavenumbers which

339

is only possible in a longitude-dependent background. Fig. 10 shows the amplitude of

340

the March response in the meridional-wind tide to the most important migrating heat-

341

ing rates. The nonmigrating components turn out to be among the minor factors (not

342

shown). The dominant factor is the direct absorption of incoming solar radiation in the

343

SW band (migrating part), which is itself dominated by the absorption by tropospheric

344

water vapor. The stratospheric part of the SW-band absorption, presumably dominated

345

by stratospheric ozone, plays a secondary role (not shown). Another relevant component

346

is the absorption of radiation with shorter wavelengths (SR band). This effect is especially

347

important in the thermosphere. Finally, also the heating by condensation and convection

348

plays a non-negligible role. All remaining heat sources lead to amplitudes of less than

349

5m/s.
The same kind of decomposition for December is shown in Fig. 11. Seemingly the
Schumann-Runge part plays a major role in the seasonal variability in the thermosphere.
Near the mesopause, however, the background atmosphere is most important. This can be
seen in Fig. 12. Here a seasonal cycle has been calculated in various ways. For discussing
this let us note that the time dependent vector X(t) of spectral coefficients (of our spectral
model) of the migrating diurnal tide in all dynamical fields (horizontal wind, temperature,
and surface pressure) can be written as
X (t) = C cos (Ωt) + S sin (Ωt)

D R A F T

March 26, 2008, 11:17am

,

(2)

D R A F T

X - 19

ACHATZ ET AL.: DIURNAL SOLAR TIDE

and that the vector Y = (C, S) of tidal coefficients satisfies in the linear model
Y (m) = L [Xb (m)] F (m)

.

(3)

350

Here L is the tidal operator of the linear model, and F is the vector of tidal coefficients

351

of the diurnal heat source. The former depends on the atmospheric background state Xb .

352

Both F and Xb depend on the month m. We now decompose the background state into its

353

zonal mean Xb and the stationary-wave part δXb . Similarly, the heating is decomposed

354

into its annual mean hFi and the seasonally varying part f (m). In a first calculation, as

355

discussed above, we have used the linear model for calculating month-wise the full tidal

356

signal, as given by (3). In a second calculation the yearly-mean heating has been taken

357

and only the background state has been varied, i.e. we have determined L [Xb (m)] hFi.

358

This indicates the contribution of variations in the atmospheric background state to the

359

total seasonal cycle of the tide. The residual, i.e. the seasonal cycle in the tide due to

360

seasonal variations in the forcing, is L [Xb (m)] f . This component vanishes in the absence

361

of a seasonal cycle in the forcing. Finally, in order to diagnose the contribution of the

362

seasonal cycle in the stationary waves, they have been removed from the background,

363

and the difference between the total signal and this calculation has been determined, i.e.
n

364

h

L [Xb (m)] − L Xb

io

F (m). These results are shown in Fig. 12, using the amplitude of

365

the meridional wind at 95km altitude. It is quite obvious that the seasonal cycle of the

366

zonal mean of the atmospheric background state dominates the picture. Neither do the

367

heat sources matter much nor does the seasonal cycle of the stationary planetary waves

368

have a significant impact. This dominance of the zonal-mean tidal propagation conditions

369

for the seasonal cycle of the migrating diurnal tide in the MLT further corroborates the

370

corresponding findings from McLandress [2002a, b] and Zhu et al. [2006]. McLandress
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371

[2002b] argues that the decisive factor in this behavior is the seasonal dependence of the

372

zonal-mean vorticity in the background atmosphere. This might also be the case here.

373

A more detailed analysis indicates that it is especially the propagation conditions below

374

70km altitude that matter (not shown).

5. The Non-Migrating Components
5.1. Dominant Forcing Mechanisms
375

It has been shown above that the linear model is roughly able to simulate the seasonal

376

cycle of the three most important nonmigrating components of the diurnal tide. The best

377

agreement with the available observations is certainly to be found for DW2, but also DS0

378

and DE3 reproduce aspects of the observed seasonal cycle. The latter holds specifically

379

for the meridional wind. Therefore we focus on this dynamical field in the discussion of

380

the dynamics of the nonmigrating diurnal tide.

381

For an identification of the major heat sources responsible for the occurrence of the

382

component DE3, Fig. 13 shows its meridional-wind amplitude in December, and the

383

amplitudes of the corresponding major contributions from the various heat sources. We

384

first note that the spatial dependence of the total amplitude is in reasonable agreement

385

with an observational analysis shown by Oberheide et al. [2006]. The tide is centered at the

386

equator with two maxima, one near 100km altitude, and the other one below. Our analysis

387

supports previous findings that DE3 is mostly forced by tropospheric latent heat release.

388

There is a secondary component due to the direct absorption of incoming short-wave solar

389

radiation. The migrating forcing does not produce a significant response. This indicates

390

that the modulation of the migrating tide by the longitude-dependent background, i.e.

391

the interaction between migrating tide and stationary waves, does not produce significant
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392

contributions to DE3 in December, even though stratospheric planetary waves maximize

393

near that time of the year.

394

For an analysis of DS0 we show in Fig. 14 the corresponding fields for June, when

395

it is near to attaining its maximum amplitude near the mesopause. Again the June

396

result of Oberheide et al. [2006] is similar, in the sense that the maximum amplitude

397

at the mesopause is near 20◦ S. Even quantitatively the agreement is quite good. As

398

most important contributing factors we identify the absorption of incoming short-wave

399

solar radiation and condensation and convection. In contrast to DE3, in this case the

400

stationary planetary waves have an impact. The migrating forcing alone yields a weak

401

response in DS0 which can only be due to the modulation of a migrating tide in the lower

402

atmosphere by planetary waves. With regard to this factor we corroborate the results

403

from Hagan and Roble [2001] and Oberheide et al. [2005], however on a model basis which

404

is more straightforward than the one used by these authors and which excludes nonlinear

405

feedbacks. It might also be worth drawing the reader‘s attention to the fact that here, as

406

in many other cases, the amplitudes do not simply add up to yield the total. Differing

407

phases can lead to quite strong interference effects. Even more significant instances of

408

this kind of behavior follow below.

409

Finally we show the same type of analysis for DW2 in February in Fig. 15. Again the

410

amplitude of the total DW2 signal agrees quite well with the results of Oberheide et al.

411

[2006]. The decomposition reveals both condensation and convection and the migrating

412

forcing as the dominant contributors. Thus, the stationary planetary waves play an

413

important role in the dynamics of DW2, as already suggested by Hagan and Roble [2001].

414

The absorption of incoming solar radiation only has a minor impact.
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5.2. Seasonal Cycle
415

We finally examine the dynamics of the seasonal cycle of the important nonmigrating

416

components. This is done in exactly the same way as for the migrating tide above.

417

Fig. 16 shows the corresponding results for DE3, once again using the amplitude in the

418

meridional wind at 95km altitude. Clearly, the most important factor in controlling the

419

seasonal cycle of DE3 is the seasonal variability in the zonal-mean background atmosphere.

420

It would, however, produce a secondary maximum in August. One sees that it is the

421

seasonal variability of the tidal forcing which acts against this, so that, as in the available

422

observations, only the maximum between November an February remains, together with

423

a weak secondary maximum in April. As was to be expected from the results above, the

424

variability in the stationary planetary waves does not have an important effect. In the case

425

of DS0, illustrated in Fig. 17, one finds again the variability of the zonal-mean background

426

to be the major factor. It is interesting to note that even here the planetary waves do

427

not leave many traces. They do have a quantitative impact (in December near 50% of

428

the total signal), but clearly the zonal mean background dominates the scene. Fig. 18

429

finally shows the results for DW2. Again the zonal-mean background is most important.

430

Here, however, the planetary waves positively act to enhance the seasonal cycle of the

431

tide. This can be read from panel d) which shows the amplitude of the difference between

432

the seasonal cycle in the full linear model and the corresponding result with zonal-mean

433

background.

6. The effect of an increased planetary-wave activity
434

As shown above, planetary waves matter in the dynamics of the diurnal solar tide. One

435

should, however, be aware that their effect is probably underestimated in the previous
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436

sections. Fig. 19 shows a comparison between the seasonal cycle of the stationary plane-

437

tary wave (monthly mean) at zonal wave number s = 1 in HAMMONIA and in ERA-40

438

reanalysis data at 50km altitude. One sees that especially in the horizontal wind the am-

439

plitude of the reanalysis data is stronger than in the model by about a factor 2. One might

440

wonder what impact such a strong amplitude would have. Since the planetary wave in

441

the temperature seems not to differ so much between model and analyses, we have chosen

442

to double in the background state the planetary wave amplitude in the horizontal wind

443

and leave that in the temperature as in HAMMONIA. With this new background the

444

seasonal-cycle calculations with the linear model have been repeated. Additional calcula-

445

tions with twice the planetary-wave activity also in the temperature yield essentially the

446

same results (not shown). The meridional-wind amplitudes at 95km in the migrating tide

447

and the dominant nonmigrating components are seen in Fig. 20. Although only DW2

448

shows a significantly increased total amplitude, the planetary-wave part in the total signal

449

is now considerably larger than before. It is interesting to note that at planetary-wave am-

450

plitudes closer to analysis data than in HAMMONIA even DE3 and the migrating diurnal

451

tide seem to be influenced by the tidal modulation due to planetary waves. Clearly, this

452

needs further validation by a GCM with a planetary-wave activity closer to the findings in

453

analysis data, where then also the zonal-mean state would be dynamically consistent. At

454

present, increasing the planetary-wave amplitudes only leads to a stronger impact from

455

these waves onto the nonmigrating tides, but no improvement in the comparison with

456

observations is found.

7. Summary and Discussion
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457

The work reported here uses a combination of a GCM (HAMMONIA) and a linear

458

model for the exploration of the dynamics of solar tides. The GCM is taken as a source

459

of global data on the solar diurnal tides themselves, but also monthly mean states and

460

diabatic heat sources. The strengths of such an approach are the completeness of the

461

data set and its self-consistency. Data from observational analyses are usually limited in

462

altitude and latitude range, and with regard to the diabatic heat sources the available

463

information is most often rather indirect. The price one does pay in using GCM data is

464

that such a model is always just an approximation of real nature. A validation of the GCM

465

tides shows, however, that many important aspects of tidal observations are reproduced.

466

This holds most clearly for the migrating tide which shows a seasonal cycle which is

467

very close to the available observations. However, also numerous aspects of the observed

468

nonmigrating components are reproduced by the model. The same leading components

469

are found, and especially in the meridional wind several aspects of their seasonal cycle are

470

reproduced. This holds for DW2 and, with limitations, for DE3. The GCM has problems

471

in simulating the observed seasonal cycle of DS0.

472

The linear model is used for analyzing the seasonal behavior of the tides. A spe-

473

cial feature of the model, employing GCM monthly means as background atmosphere

474

and the diurnal heat sources from the same model as forcing, is its ability to handle a

475

longitude-dependent background. Hagan and Roble [2001] and Oberheide et al. [2005]

476

have examined the interaction between migrating forcing and stationary planetary waves

477

within the TIME-GCM. The linear model used here can add to their results by provid-

478

ing a linear framework within which nonlinear feedbacks are excluded, and the additive

479

effects of nonmigrating forcing and migrating forcing can be compared directly. This is
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480

useful for assessing their comparative role both in the total tidal signal as such, and in

481

its seasonal cycle. With regard to the migrating tide, the model corroborates the find-

482

ings of others [McLandress, 2002a, b; Zhu et al., 2006] that it is nearly exclusively the

483

seasonal dependence of the zonal-mean background atmosphere which is responsible for

484

the seasonal cycle of the tide near the mesopause. One can see this as a validation of

485

the model, but a piece of information it adds is that in the lower thermosphere a directly

486

thermospheric heating term turns out to be decisive for the seasonal cycle. This is the

487

absorption of incoming solar radiation in the SR part of the spectrum from 120 to 250nm.

488

With regard to the nonmigrating tides, an interesting observation is that in comparison

489

with observations the seasonal cycle of DE3 actually looks better in the linear model than

490

in HAMMONIA. At the present state it cannot be excluded that this is an accident, but

491

it might point at a deficiency in the nonlinear dynamics of HAMMONIA. One might e.g.

492

speculate that the gravity-wave parameterization in the model is potentially too nonlinear

493

in its behavior. This seems worthwhile further examinations in the future.

494

Anyway, the linear dynamics of the nonmigrating diurnal tides in the linear model

495

has some interesting features. Perhaps least surprising is the important role played by

496

condensation and convection in the forcing of DE3. An analysis of the seasonal cycle near

497

the mesopause shows that the amplitude maximum between November and February is

498

mostly due to an enhancing effect by the zonal-mean propagation conditions. An erroneous

499

maximum in August in HAMMONIA is prevented in the linear model by a counteracting

500

effect due to the seasonal cycle in the forcing. The interplay between the zonal-mean

501

background and the forcing thus seems to be essential for explaining the complete seasonal

502

cycle.
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503

Around the time of its maximum (April — June) DS0 in the linear model is mostly

504

due to the direct nonmigrating forcing by the absorption of short-wave solar radiation

505

and by condensational heating. Since the planetary waves are weak during this time it

506

is no surprise that their effect is not so important then. Indeed, it is found that most

507

of the seasonal cycle can be understood as an effect of variations in the zonal-mean

508

background. One might wonder why this even holds between December and February

509

when the planetary waves are strong. A decomposition of the February DS0 tide into its

510

components due to the major forcings in Fig. 21 exhibits an interesting behavior in this

511

regard. The total signal is very similar to the direct nonmigrating input from condensation

512

and convection. Nonetheless, both the effects from the direct nonmigrating forcing by the

513

absorption of solar short-wave radiation and the modulation of the migrating forcing by

514

the planetary waves are also strong. However, they obviously cancel each other. It thus

515

seems that destructive interference effects such as here might also be an essential factor

516

of the planetary-wave effect on nonmigrating tides.

517

An example where the planetary waves actually enhance the amplitude of a nonmigrat-

518

ing tide is DW2. This tidal component is driven to a large proportion by the nonmigrating

519

forcing due to condensation and convection. The seasonal cycle can be explained to the

520

largest part by the seasonal variations of the zonal-mean propagation conditions of this

521

directly forced nonmigrating tide. One also has, however, a quantitatively important im-

522

pact from the planetary-wave modulation of the migrating tide forced in the troposphere.

523

This holds both for the total signal as such and for the simulated seasonal cycle.

524

In conclusion, planetary waves do seem to be a factor to be taken into account in the

525

dynamics of solar tides. A linear model as used here in combination with a GCM is
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526

helpful in quantifying their importance in comparison with the more classical processes of

527

nonmigrating tides forced directly in a zonal-mean background atmosphere. One should

528

be aware that the present analysis may actually underestimate this effect. Corresponding

529

improvements should be on the agenda for the future. Preliminary results, show, however,

530

that at realistic planetary-wave amplitudes even DW1 and DE3 are no longer unaffected

531

by these waves. Another conclusion is that in many cases tidal variability is not due

532

to variability of the sources (as is partially the case for DE3), but it is caused by the

533

variability of the propagation conditions which the tides are exposed to in a varying

534

background atmosphere. There are hints that solar variability can modify those too

535

[Kodera and Kuroda, 2002; Matthes et al., 2004], so that one might even speculate on a

536

corresponding effect on solar tides in the MLT. Finally, one might wonder what exactly

537

drives the partial control of the nonmigrating tides, in their seasonal cycle, by the zonal-

538

mean background atmosphere. Analyses corresponding to the ones done by McLandress

539

[2002b] for the migrating tide wcould help answering this question. Such are, however,

540

beyond the scope of the present paper.
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Figure 1. The March amplitudes (top row) and phases (bottom) of the migrating diurnal tide
in the temperature (left column) and meridional south-north wind (right) from the HAMMONIA
model. The amplitudes are in units of K and m/s, respectively. The phases indicate the local
solar time, in h, at which the maximum value is attained.
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Figure 2.

X - 37

The seasonal dependence of the amplitudes of the tropical migrating diurnal tide

in the temperature at 55km (top panel) and 86km altitude (middle), and in the meridional wind
at 95km (bottom) in the GCM. Units are K and m/s, respectively.
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Figure 3.
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The amplitudes of the July nonmigrating diurnal components of the tropospheric

(i.e. averaged between 0.2km and 15.2km altitude) diabatic heating of the HAMMONIA model.
Negative (positive) wave numbers indicate eastward (westward) propagation. The amplitude of
the migrating forcing has been set to zero. Units are in K/d.
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Figure 4. The amplitudes of the July nonmigrating diurnal temperature tides of the HAMMONIA model at 110km (top panel) and 86km (bottom) altitude. Negative (positive) wave numbers
indicate eastward (westward) propagation. The amplitude of the migrating tide has been set to
zero. Units are in K.
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Figure 5.

ACHATZ ET AL.: DIURNAL SOLAR TIDE

Seasonal cycle of the amplitudes of various nonmigrating diurnal components in

HAMMONIA. Shown are DE3 (top row), DS0 (middle), and DW2 (bottom) in the meridional
wind at 95km altitude (left column), the zonal wind at 95km (middle), and the temperature at
110km (right). Units are m/s and K, respectively.
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Figure 6.

The vertical dependence of the Newtonian cooling (grey line, in d−1 ) and the 4th-

order horizontal diffusion (black, in 5 · 10−20 m4 /s) used in the linear model. Also shown is the
vertical distribution of the 60 model levels, from level 1 at the top to level 60 at the bottom. In
this figure logarithmic pressure altitude is used, assuming a constant scale height of 7km.
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Figure 7.
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As Fig. 1, but for the tide calculated by the linear model using as reference

atmosphere and diurnal diabatic heating the corresponding March fields from HAMMONIA.
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Figure 8. As Fig. 2, but showing the seasonal cycle of the migrating diurnal tide in the linear
model.
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Figure 9. As Fig. 5, but showing the seasonal cycle of the amplitudes of the same nonmigrating
diurnal components in the linear model.
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Figure 10.

X - 45

From the linear model, the amplitude of the March migrating diurnal tide in

the meridional wind (upper left panel), and those of the three major components contributing,
i.e. the response to condensation and convection (upper right), absorption of incoming solar
radiation in the SW (λ > 250nm, lower left) and SR (250nm > λ > 120nm, lower right) parts of
the spectrum. Units are m/s.
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Figure 11.
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As Fig. 10, but for December.
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Figure 12. From the linear model, the seasonal cycle in the amplitudes of the migrating diurnal
tide in the meridional wind at 95km altitude (a), the part due to variations of the background
atmosphere (b), the part due to the seasonally varying part of the diurnal heat sources (c), and
the corresponding contribution from the seasonal cycle of the stationary planetary waves (d).
For details see the main text. Units are m/s.
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Figure 13.
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From the linear model, the amplitude of the December nonmigrating diurnal

tide DE3 in the meridional wind (upper left panel), and that of the the two major components
contributing, i.e. the response to the nonmigrating forcing by condensation and convection
(upper right) and absorption of incoming solar radiation in the short-wave band (nonmigrating,
lower left), and that of the response to the total migrating forcing. Units are m/s.
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Figure 14.
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As Fig 13, but for the June signal in DS0.
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Figure 15.
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As Fig 13, but for the February signal in DW2.
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Figure 16.

X - 51

From the linear model, the seasonal cycle in the amplitudes of the nonmigrating

component DE3 of the diurnal tide in the meridional wind at 95km altitude (a), the part due
to variations of the background atmosphere (b), the part due to the seasonally varying part of
the diurnal heat sources (c), and the corresponding contribution from the seasonal cycle of the
stationary planetary waves (d). For details see the main text. Units are m/s.
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Figure 17.
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As Fig. 16, but for the nonmigrating component DS0.
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Figure 18.
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As Fig. 16, but for the nonmigrating component DW2.
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Figure 19. Comparison between the seasonal cycle in the wave at zonal wave number s = 1 in
the monthly means of ERA-40 reanalysis data (years 1982 – 2001) at 48km altitude (left column)
and HAMMONIA at 50km (right). The wave is shown in the temperature in K (top row) and
in the zonal (middle) and meridional wind (bottom) in m/s.
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Figure 20.

X - 55

For the migrating tide and the three dominant nonmigrating components, the

seasonal cycle in the meridional-wind amplitude at 95km altitude, obtained by the linear model
with a planetary-wave amplitude in the background which is twice the GCM value in the horizontal wind, but the same in the temperature. The left column shows the total signal. The right
column shows the corresponding planetary-wave impact.
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Figure 21.
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From the linear model, the amplitude of the February nonmigrating diurnal

tide DS0 in the meridional wind (upper left panel), and that of the three major components
contributing, i.e. the response to the nonmigrating forcing by condensation and convection (upper
right), absorption of incoming solar radiation in the short-wave band (nonmigrating lower left),
and the response to the total migrating forcing. Units are m/s.
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