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Synopsis

Armoapheric tides are planetary-scale wave motions in the newtral atmosphere with periods defined by Earth's rotation raee,

They are among the most striking dynamical feamres in the mesosphere and the ph

, and e | 1o reclistribunte

inneapheric plasma throogh dynamo processes. This article reviews the slien features of the tides from theonetical and
observational perspectives, incuding the recent discovery that atmospheric tides connect planetary-scale weather patterns

with the ‘space weather' of the bonosphere-thermosphere,

Introduction

Atmospheric tides are ublquitous features of the Eanh's atma.
sphere, They are the pemsistent global osdllations that are
observed in all types of mmospheric felds, incuding wind,
temperature, pressure, density, and geopotential height. Tidal
oscillations have periods that ane some integer fraction of a solar
or lunar day. The solar divmal and semidiumal tides have 24
and 12 h periods. respecuively. The lunar diumal tdal peniod is
about 24.8 h, while the lunar semidiumal period is 12.4 h.
Scientists often use a shorthand notation to represent solar and
fumar tides, §1 and 52 refer respectively to the solar divmal and
semidinmal tides. Their lunar counterpans are M1 and M2
Aumaspheric thdes have been studied For many years, shive
they are evident in both surface pressure and magnetic obser-
vations that daie back to the early pan of the twentieth century.
Figure 1 Hlustries a time seties of suiface pressure meisure-
meits made a1 Batavia (now known as Jakana, Indosesia)
during the first 5 days of lanuary in 1925, The dominant feature
of this time series provides evidence of the solar semidiumal
atmospheric tide. Spacifically, there s 2 1 1o 2-hPa deviation
from the average pressure of about 1011 hia that ocours
regularty at 12 h intervals. This semidiumal varation is
modulated by other vaniations. but the former is such a persis-
tent oscillation that the semidiumal tide is also the dominant
oscillation in monthly, yearly, and even multiyear averages of
daily surface pressure measurements made at Batavia,
Avmospheric tdes are funther characierized by thelr sources,
The Moon's gravity forces the lunar stmeospheric tide, while solar

Figure | Surface pressure (hPa) at Batavia (Jskarta Indanesia)
against fime during the first 5 days of January 1925,

atmospheric tides can be excited in several ways, including the
absorption of solar radiation, lagescale Laent hea nelease
associated with deep convective clouds in the woposphere, the
gravitational pull of the Sun, and as secondary waves due 10
nonlingar wave-wave interactions. The restoring force that acts
on atmospheric tides Is gravity, so tides are a special dass of
buoyancy or gravity waves. Unlike high-frequiency gravity waves,
tides are affected by the Earth's rotation and sphericity because of
their comparatively large periodicities and honzontal scales.
Solar atmospheric tides arve generally Larger than lunar tides and
dominate the tidal motions in the middie and upper atme-
sphere, that is, the stritosphere, mesosphere, and thermosphere.
Muvie | illustrates the combined diurnal and semidiumal tidal
motions cavsed by solar atmospheric tides in the lower ther-
mosphere, Temperature and wind speeds can vary by more than
60 K and =100 m s~ ' within a few hours
The general mathematical expression For & tidal oacillathon
fs ghven by cgu 1], where A i the magnitude of the variation in
some atmospheric ficld, « is its froquency, @ s universal time,
4 is longitude, and s > 0 is the zonal wavenumbser (the number
of wave crests that occur along a lathde clrcle). The (33 — o)
form of cqn | 1] is chosen so that the sign of o is indicative of the
zonal direction of propagation: ¢ > 0 corresponds to eastward
propagating waves and o < 0 1o westward propagating waves, ¢
Is the so-called tdal phase. A crest of the wave ocours when cgn
[ 2] is satisfied
Acos{sd — it — ) {1

@ = si-al 12

The horizontal phase speed of the tide, ¢, b5 defined by
differentiating eqa | 2] (eqgns | 3] and [4]).
i —odt = 0 13]

di o
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For solar tides, the mth harmonic frequency is oy = may,

where i is a positive or negative integer and o) = (2r/24) b "

Rewriting the mathematical expression for a tide in terms of LT

(hours). f, = t + 3fay, results in a mathematical expression of
the form of «qn 5]
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Acos((s 4 mii - gty -~ @) 51

For the subset of ammospherc tdes known as
migrating solar tides, s = - m (with m < 0) and cgn | 5] reduces
w0 ogn |i]

A cos{[mje 6, — 9) 16|

Thess, migrating solar tdes have the same local time varia-
tion at all longitudes. If m = ~1 and 5 = 1, the tide is diumal
and moves of migrates westward in longitude with the
apparent motion of the Sun from the perspective of a ground-
based observer. Funher, ¢ = —(2w/24) h ! Similardy, if
m o= =2 and s = 2, then the wave is a migrating semidiurnal
tide. The remaining set of global-scale waves with tidal periods
that are not Sun-synchronous are known as nonmbgrating tides.
Nonmigrating tdes may be viewed as waves that propagate to
the west more rapidly or slowly than the Sun. or that propagate
castward, or that are standing Migrating and nonmigrating
solar tides are often identified by using a letter/number code
that indicates lrequency, propagation direction. and zonal
wavenumber: DWs or DEs is a westwand or castwand propa-
gating dlumal tide, respectively, with positive zonal wave-
number 5. For semidivmal tides, D ks replaced by 8, and 4, 50
are standing divrmal and semidivemal tides, respectively. With
this nomenclatre, the migrating divenal (semidiumal) tide is
DW 1 (SW2) and DE3, for example, s an eastward propagating,
diumal tde of zonal wavenumber 3,

All tides contain compenents that propagate in the vertical
direction 2, The effects of upwand-propagating tidil commipo-
nents are pantboulary imporant because these waves grow in
amplitude = exp{z/2H) with scabe height 1 =k T/Mg where iy
is the Bolezmann comtant, T is lemperature, M s the mean
molecular mass, and g is Eanth's gravity acceleration] as they
conserve energy in an atmosphere whose density decreases with
increasing altinede. Thus, tides with insignificant amplitudes in
their lower atmospheric regions of excitation often affect the
upper atmosphere profoundly because they introduce large
atmospheric variations with local time and because they may
dissipate and deposit thelr energy and momentmm therein,

Classical Tidal Theory

Classical tidal theory treats the tides as penurbations on a basic
state with neither mean-flow nor honzonal emperatune
gradients In an inviscid atmosphere. 1 provides a resonable
dun'lptlnl of smospheric tides in the lower and middle
astmasphere, including the mesosphere and is therefore quite
wseflul w demonstrate imponant tdal charaoeristios. As
described in detail by Chapman and Lindsen (1970), the line-
arized primitive equations | Dynamical Metecorology: Primitive
Equations) for wave motions described by cqn | 1] and given
{5 o) can be reduced 1o & single equation for, for example,
gropotential. The resulting equation is scparable in its latitude
and altimade dependence. The latitudinal part s deseribed by
Laplace’s tidal equation and solved by a complete orthogonal set
of eigenfunctions (called Hough modes) and eigenvalues or
separation constants (called equivalent deptha),
Each Hough mode @7 is a series of associated Legendne
polynomiaks with |n] > s being the so-called meridional index

because it provides information on the number of latitudinal
nodes and symmetry characteristics. It is quite common 1o refer
ti» & specific Hough mode & the 8 mode or simply the (.n)
moxde andd to provide the frequency information extermally, The
equivalent depth I determines the vertical structure of each
Hough mode because it is linked 1o the vertical wavelength 4,
(e [71).

2=l

2 = 171
(< + 4 1
\rn. B

with scale height 1 & = (- 1)/y and adiabatic index
1=7/5, and normalized Mﬂﬂ: - :Hf.hm.unm[.‘“lwh
that equivalent depths must be positive but smaller than
roughly 8 km for vertical wave propagation. Larger values or
negative equivalent depths imply venbaally trapped modes.
Figure 2 ilfustrates Hough modes comesponding 1o the first two
propagating and trapped modes of the migrating DW1 and
nonmigrating DE3 udes. respeciively. Diumal propagating
modes generally maximize 2t low 10 middle latitudes and
trapped modes at middle 1o high latiwdes.
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Figure 2  {a) Hough modes bar Ihe migrating daurmal solar tide (DW).
Thi: merighonal index » ks positive lor propagaling tides and negatae for
trapped tides, (b) Same 2z (a) but for the DEI nonmigrating tide.
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Symmetric Hough functions are mirtor images about the
equator and occur if 1 + 5 is even (odd) for positive (negative)
values of n. Antisymmetric modes change sign at the equator
and occur i n + 5 i8 odd (even) for positive (negative) m.
Tidal vartations & in temperature, pressure, geopotential,
density. and vertical wind as function of normalized height
£, Intitude &, zonal wavenumber s, and frequency e are described
by eqp |4

3P 0) = Y 8F(x1O)(0) 18
"

Zomal () and meridional (] wind variations are described
by eqns |9] and [10],

Wt (x ) = 3t (U (#) 191

ey =Y BT V() 0]

with the wind expansion functions shown in Figure 3 [eqns
fru] asd J12])
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Figure 3 {a) Wd expansion functions for e migrating diurmal sokar
ige: (DW1). The first e propagating mades are shown. (b} Same as
{a) but for the DEI nonmigrating tide.
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with [ = o/(202) amd Earth's angular velocity £2. The zonal
wind expansion functions U" have the same symmetry as the
corresponding Hough modes. Vy" on the other hand ane
symimetnc (antlsymmetric) when the conesponding Hough
modes are antisymmetic (symmetnic).

The classical tidal theory approximates the tidal motions in
the lower and middle atmosphere reasonably well. including
the mesosphere. Classical methods of computing tides,
however, do not work when mean zonal winds or dissipation
are included, becanse the mathematical solutions become
inseparable in the latitudinal and ventical coordinates, Hough
modes are no longer eigenfunctions of the system and numer-
ical solutions are needed. This s panicularly important in the
thermosphere where the tides undergo a substantial change in
their modal stucture when molecular dissipation becomes
Important. This transition helght oceuss approximately where
the dissipative time scale equals the scale height divaded by the
vertical group wvelodity. Amplitudes and phases nelax 1o
approximately constam values in the thermosphere and the
damping significantly broadens ihe horsontal structuee. 1t
should also be noted that the time constants of eddy and
molecular diffusion are propontional to the square of 4. Short
vertical wavelength vides or modes therefore dissipate more
rapidly and cannot propagate into the thermosphere an all,

Migrating Solar Tides

The absorption of radiation by a longiudinally invariant
ammosphere is the primary source of migrating solar tides.
Owing to the rotation of the Earnth, this absomption ks perodic
in time from the perspective of the ground-based  observer.
The resultant heating gives rise to migrating tidal oscillations.
Solar radiation is absorbed thioughout the Eanh’s atmosphere,
thereby exclting migrating solar tides at almost all altiiudes.
Atomic oxypen, which is the most abundamt atmospheric
constituent at altitodes about 150 km above the Eanh’s surface,
absorbs the shonest-wavelength solar radiation, known as
the extreme uliraviolet, Increasingly longer wavelengihs are
absorbed as the solar radiation approaches the Fanth's surface
Molecular oxygen (0;) absorbs the far-uliraviolet radiation
[ 100=200 nim ) a1 aliitudes near about 100-150 km, and ozone
[y} absorbs the 100 1o 300-am selar ultravioler radiation
at middle atmospheric altitudes between about 30 and 70 km
Solar infrared radiation may be absorbed by water vapor (H,O)
In the lotwest pan of the atmosphere.

Even though there is little, i any, tidal forcing due to solar
heating in the upper mesosphere {~&0-100 km), measure-
ments of winds and iemperatures exhibit strong tidal signanirés
In this reglon. Flgure 4 illustrates an example of the magninade
of the mean winds and the tidal osdllations over Adelaide,
Auvstralia, at these altitudes. The data poims represemt the
eastward winds that were measured with the Buckland Park
radar during 2 days in Augaest 1994, The dashed curves



290 Dynamical Motoorology  Atmospheric Tides

Bl o N e o .
oF i b .. ,‘-. ’# . “-:h..
a5 | 9@wm ¥ ‘;-. * 4
- e "o atone 4

E 1 . b’ . .
3 Y o R
oF i " ‘e .?‘
-25 F 94 km #-. ?f ~.'|;h .-‘ ]
b 3

ar '“O‘G‘ e 2- P |

0 s o8 TN e

- - o - ~ -

25 | 90km i  Mihale?

.-.l i i A

0o & 12 "“P 6 12 B 0

Figure 4  Eastward winds (m & ') over Adefaide, Australia, againal
local teme (h) on 5-9 August 1694 al 58 o (lop), B4 km (middie),
and 50 km (bottom). Data points are radar measuroments and dashed
curves are mode! predicbons that mcluda the mgrating diermal and
seridesrnal Tt comporents. Professor R A Vincant provided the
Roeiwde radas outa

illustrate global-scale wave model (GSWM] tidal predictions
for August al the location of Adelaide. While the CSWM differs
from the measurements in detal the model capures the
salient features of the ohserved winds, particularly on 8 August.
[Hiferences may be atributable to small-scale waves that are
oot included in GSWM or 1o sources of day-to-day tidal vari-
alvility that are also omited

The GSWM predictions include mean winds (17-18ms™")
and both migrating diumal and semidiumal components,
Notably, the migrating diumal ampliades (20-30 m s ") are
larger than the mean winds. The GSWM diumal tidal ampli-
tudes are at least a factor of 2 lager than the semidiumal
amplitsdes (8-15 m s ') and the phases of both components
shift 10 earlier thines with increasing altitude betwern %0 and
98 km. This behavior, which s known as downwand phase
progression. s indicative of upwand-propagating wave eneigy.
There are clear signatuses of downward phase progression in
the GSWM predictions in Figure 4. That i the wind predic-
tons are most westwand near 1500 h at 98 km and there are
similar features at progressively later times and progressively
lower altiedes. The verbcal wavelength of the migrating
diurnal tide over Adelaide is much shoner than that of the
migrating semidiumal tide, so the phase of the former prog
resaes far mare capidly than the phase of the latter and their
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combined effects result in 2 pattern of wave maxima and
minima that cvolves between altinides

The migrating diumnal tide below the mesopause (ie.
the region between the mesosphere and thermosphere)
originates primarily in the troposphere. Although tropo-
spheric semidivmal forcing s nonneghigible, there is
comparatively more semidiomal fowing in the middle
atmosphere. Thus, the diumal tdal growth ocours over
a deeper altitude region than the semidiumal growth and it
Is reasonable 1o anticipate a diumal amplitude thae is larger
than the semidiumal amplivede in the upper mesosphere.
The aggregate characteristics of the mean winds and tides
that are illustrated in Figore 4 support the claim that
upward-propagating migrating thdes govern the large-scale
dynamics of the upper mesosphere.

Migrating tides exhibit somewhat complicated behavior in that
the katitudinal structure of the horizontal wind oscillations.
is deamatically different from the temperasnsre, prevasre, of vertical
welocity structure. For eximple, the upwarh propagating migrating
diumal tide DW1 is characierised by a primary temperaiiie
amplinude maximum over the Equator with secondary maxims
near + 3 The homeontal wind amplitudes (Viose 1) exhibit
at low 1o middle latitades (£(20-30")) While ground-based
observations provide an imponam perspective on the local
behavior of waves with tidal frequencies, it is impossible 10 deci-
pher glohal structures from local structures withowt conducting
comelative analysis of measurements made a1 muliple locations
over a broad mnge of latudes. Funther, in onder 1o distinguish
migrating from nonmigrating tdal componenis. it s necesary io
have a longgitudinal distribation of measurements

The upward-propagating migrating tides dissipate in the
lower thermosphene and thetr conibution 1w upper thei-
maosphere varability s comparatively small However, the
longitudinally ivariant absorption of solar far and extreme
ubltraviotet radiation effickently forces a large in sitw compo-
nent of the migrating tides that dramatically changes the
temperature, density, and wind structure in the upper ther-
mosphere. Figure 5 illustrates its magnitude based on the
output from the NRLMSISE-D0 (Le. the 2000 version of the
MNaval Research Laboratory Mass Specirometer Incoheremt
Scatter Radar Fxtended) empirical model. Local time mass
density variations at 12:00 Universal Tume are on the order of
a factor of 3 when the tides (diumal, semidiumal, terdiumal)
are included (lefi panel) but alimost nonexistent when the

ke Sty (10" g o %)
[
™) [T] ]

figure §  Global distribution of neutral mass density at 12.00 Universal Time and 400 km alttude on 21 Septermber 2010 with (leff) and without
{right] thermospheric tides. Dista shown are from the NRLMSISE-00 modal and o not include nonmigrating fides.
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tides are excluded (right panel). The largest tidal signal in
Figure 5 (left panel) comes from the migrating diurnal tide
DWI1. It maximizes at the equator (latwde of the subsolar
paint during equinoses) and decreases toward higher Eati-
tindhes along with the noontime solar angle, as expected for an
in sitn forced tide. NRLMSISE-00 does not indude non-
migrating tides. Recent diagnosties of upper thenmosphere
neutral density observations from the CHAllenging Minis-
atellite Payload (CHAMP) smiellite indicate that nonmigrating
tdes induce an additional longitudinal variability on the
order of 30-50%, mostly due to upward-propagating tides
from the troposphere, An acourate descmption of migrating
and nonmigrating diumal density varations is especially
impormamt for predicting low perigee satellite rajecionies
becase simospheric drag s the dominant error sounce In
operational models

Nonmigrating Tides

MNear the surface of the Earth the strong longitudinal differences
in topography, land-sea contrasy, and swiface interactions
produce zonal (Le, along a Latitude circle in the east-west
direction) varations in the local time behavior of the atmo-
sphere and thus excite nonmigrating tides. A good example is
latent heat release due o condensation in large-scale deep
comvective systems in the wopical woposphere. Figure & illus-
trates the latiude-longitude distributions of the diumal {left)
and wemidiurnal (right) latent heat refease amplitudes during
the month of Seprember derived from satellite-borme conver-
tive mainfall meassrements. Both components maximize at low
latitudhes where the absorption of solar radiation (evaporation)
ks greavest. Their longiudinal strucwre reflects the areas of
largest deep convective activiey in the topical troposplere: ane
peak over Africa, followed by two peaks over Indonesia and the
western Pacific and a fourth over South and Central America
Through Fouwrer analysis the longitude varations depicted
n Figure 6 may be decomposed into a seres of wave compo-
nents with different zonal wavenumbers 5. Each of the resulant
nonmigrating tidal components possesses differemt vertical
propagation characteristics that depend on its sensitivity 10 the
prevailing winds and nts vertical wavelength. Good examples
are the DW5 and DE3 components. Both are efhciently fored
by latent heat release but DWS dissipates at higher altiudes

TRMM LH (mW kg-') ol 6.5 Km
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due to its short vertical wavelength, DE3 on the other hand has
a long vertical wavelength and propagates up into the lower
thenmosphere where its magnimde rivals the radistvely forced
migrating divrmal tide (Movie 2)

It i difficult to track vertical tidal propagation into the upper
atmasphere such as that depicted in Movie 2 because the distri-
bution of ground-based observatlons is spatially lmited. This s
parthcularly true for altitiides between abour 30 and 130 kin
above the Earth's surface, which encompass the region where the
upward-propagating waves anain large amplitndes and subse-
quently dissdpate. Bt s generally impossible 10 distinguish
migrating from nonmigrating tides in the anabysis of grownd.
based remote-sensing measurerments from a singhe site made at
thise altitudes, During the 1990s remote sensing from the Uipper
Armosphere Research Satellite (LARS) conshderably amelioned
this problem, Further progress came from the Thermosphere
Toncsphere Misosphere Energetics and  Dynamics [TIMED)
satellite thiast was launched in 2001 because it allowed for the first
tirne 1o abserve the global tidal spectaim in vaross parmetens
over a range of mesosphere and lower thermosphere altitudes
The data utitived 10 comstruct Movies | -4 consist of wind
miasurements made by the TIMED Doppler Interferometer
(L) e temmpretature measuraments made by the Sounding the
Atmaosphere using Broadband Emission Radiometry instrument
that are extended toward the poles and into the lower atmosphere
and upper thenmosphere using an empirical tdal model.

Slovies and 4 ilustrate the latitude -longitade distribution
of the diurnal and semidiumal tides at 100 km for the month
of Seprember, averaged over 7 yean from 2002 1o 2008, The
superposition of these movies is thown n Movie 1 The dional
ticke with amplitudes as lirge as 28 Kand 42 m s, respectively,
mainly consists of the migrating component DW1 and the
nonmigrating DE3 tide, with some conuibutions from the
DE2, DO, and DW2 components. The migrating thde i
observed as a zonally semmetric oscillation because the movie
is animated in LT (compare cqn | 5]] and the DE3 as a 4-peaked
longitudinal vardation for the same reason. The semidiumal
tidal field 8 more symmetic than the diurnal one with
amplitudes of 17 Kand 36 m s~ ', respectively. Spectral analysis
of these particular data reveals that the longindinal strucure is
dominated by the migrating tide SW2, with contributions from
the W3, 5W1, and 3E2 nonmigrating tides.

Complemenary numerical modeling studies suggest that
the diurnal and semidiumal nonmigrating tides  are

Figare 8 Contours of dairnal (4) and semitiumal {right) latent heat release amplibudes in the traposphere trom Trapical Raintall Measaring
Migsaon (TRMM) satellile observations during Seplember. Dr X. Zhang provided thise figures, which dre adapted with permission from Zang. X..
JV., Foebes. ME., Hagan, 2010, Loagitudinal vasiation of tides in the MLT region: 2. Relative effects of solar rdialive and kalem heating. Joumal of

Beoplvyzical Ressarch 115, ADE317. dol:10.1029/2009.4014898
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Figure T 'WAM DE3 amplitude of (left) temperature and {nght) zonal wind as a function of latitude and height in September. Dr RLA, Aleasy
provided the maded results. which are adaptod with permission from Akmasy, RA., T.1.. Fuller-Rowell, F.. Wu. JM., Farbes, X. Zhang, AF., Anghel,
M.D., rede®. 5. Moorthi, H.-M., Juang. 2008, Tidal variability in the lower thermosphene: comparson of whols almpsphars modal (WAM)
simuBations with obsenvations from TIMED. Geophysical Research Letters 35, LO3S10. doi- 10102972007 GLOA2584

generated in the lower levels of the atmosphere. either by
latent hea release (DE3, DE2, SE2) andfor as secondary
waves by the nonlinear imteraction between slalionary
planciary waves and the migrating tdes [DW2, DO, SW1,
SW3). An example from the "Whole Atmosphere Model’
(WAML) is shown In Figure 7. WAM is a genetal crculation
model of the neutral aumosphere bullt on an existing oper-
ational Global Forecast Model used by the ULS. National
Weather Service. It indudes realistic topography, latent
heating  associawed with topospheric  convection  amd
nonlinear processes, and the model domaln extends well
into the dissipative thermosphere to a top level of about
600 km. The WAM temperature and zonal wind components
associated with the DE3 ude exhibit maxima centered
around the equator that can also be discerned in the TIMED
satellite measurements shown in Movie J

Lunar Tides

Lunar atmospheric tides arc only about 5-10% as large as solas
tides, but they have dearly dereciable effects. The lunar tidal
pressure al the grownd maximizes ay low latiwdes, with an
average amplitude of about 7 Pa, The comesponding wind
amplitude at the Equator is about 0.03 m s~'. The wind
amplitude increases with altinede up 1o abour 110 km, where it
reiches an ampliude on the order 10 m s~

Linlilke the solar tides, the lunar atmospheric tides are entindly
driven by gravitational foroes, as illustrated schematically in
Figure 8. Because the lunar gravitational acceleration decreases as
the trvecrse squiare of the distance from the center of the Moon,
this acceleration is not exactly uniform mear the Earth, so that
atmospheric air parcels at various locations around the Earth
experience slightly diffesent lunar acceleratbons from those of the
Earth as s whaole, Alr pascels in the hemisphere most distant from
the Moon are acceleraied 1owand the Moon less strongly than is
the Earth, in effect creating a relative acoeleration away from the
Moon for these air parcels, in the Eanh's reference frame,
Conversely, air parcels in the moosward hemisphene of the Earth
experience a relative acceleration toward the Moon. In each
hemisphene, parcels 1o the west of a line passing through the
centers of the Eanth and Moon experience an  eastward

commiponent of acceleration, while those to the east of this line
experience a westward acceleration. As the Exnh rotanes, during
a lunar day (248412 h on the average) an air parcel ar the
Equator successively passes pwice through reglons of westwand
and eastward acceleration, comprising two lunar semidiurmal
cyicles of period 12,4206 h, When the Moon ks nomh of south of
the Earth’s Equator, an additonal dismal lunar evde (period
248412 h) of acceleration exists at nonequatotial katitudes,
There is also a monthly periodicity 1o the forcing as the Moon
cycles between the Nothem and Southern Hemispheres of the
Fanth. Both ihis cycling and the ellipticity of the Moon's orbig
create amplitude and requency modulation of the lunar semi-
diumnal and diumnal forcings that can be expressed as combina-
tons of multiple closely spaced periods, The dominant hunar
period, representing the average lunar sesnidiumal de. s
referred 10 a3 the M2 nde. with a 12,4206 h period

In addition o the direa forcing of lunar gravity on the
atmosphere, hinar stmospheric tides are indirecly fomed by

Tetal lunar gravtational accelaration

-

Acceleration ralative to Earth

Figure 8 Schematics of lunar tidal forcing in the referancs frames of
the Moon (top) and the Earth (dottom). The Earth is viewed fram
above the North Pole and tha Moon (not shown) is o the right.
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Figure 9 Confours of M2 lunar semidiumal surface pressure
amplitut (4Pa) against longituce and latitude for the manth of
December. Or F. Vil collaborated with Professor J.M. Farbes o
produce the model resufls,

tunar gravity through deformation of the Earth's surface due o
ocean and Farth tides. The vertical velocity associated with this
deformation significantly affects the atmospheric tide, and the
modulation of terrestral gravity by the deformation of the
Farth’s mass distribution also has an effect. These indirect
forcing effects can be determined accurately from measure-
ments of ocean and Eanh tides, so that the 1otal lunar tidal
forcing i well known. This s beneficial for testing theoretical
maodels of tidal propagation and dissipation in the atmosphere.
The indirect forcing effects, because they depend on land-sea
differences, are a function not only of apparent lunar position
but also of geographical location, and generte nonmigrating
tides in addition to the primary migrating lunar tides.

1135 possible 1o develop a model of the M2 lunar semidiumal
armospheric tide that produces sesulis that agree very satisfacio-
rily with the observed tide in the surface pressure. Such a model
st account for all direct and indirect lunar forcing effects, and
include realistic ammospheric wind and temperature stiuctures,
Figrere 9 illustrates prototy pical M2 mode] results and shows how
the lunar tidal amplitude varies with latiiude and longitde over
the Earth for atmospheric conditions representing the month of
December. The Largest amplinedes in this month are at low Jnl-
tudes, but they vary from bess than 4 Pa (40 dPa) on the east coast
of South America to more than 12 Pa over the mid-Pacific. A
secondary maximum appears over the nonthem Atlantic. Om the
average. the amplitude of the M2 tide at bow latitudes i Larger
arousd the solstices than st the equinoses, by roughly 5096 Some
of the langest geophysical effects of atmospheric lunar tides appear
i the low-Eatiude lonosphere, a3 discussed in the next section,

Tides in the lonosphere

Thdes in the lonosphere are spatiotemporal vanations in elecnc
fields. currents, and plasma density in the lonosphere primarily
due to dynamo effects genetated by solar and lunar tidal motions
n the newtral background atmosphere. Tidal winds in the low
and middle Lathude E-reglon move the partially lonked plasma
through the Earth's magnetic fiekd while the electrans with their
high gyro frequency/collision frequency ratio remain fixed 1o the
magnetic field lines, An elecromotive force is thus created with
ensuing electric cumrents and polarkzation electric Belds,

During the daytime. when the conductivity is lame owing to
ionizing solar radiation. the electric cumrents, commonly
labeled S for ‘solar quier’ fow approximately counter

© Days

o abdeta b o b i s o g s s a bl oo s sy
mﬂ L L 1] 24

Figure 10 The nodtiward companéent of magnete perdurbation

[ nanoleslas) at Muancayo, Peru, againgt local time (h) on thee Sith and
12th days following new moon riveals evidence of lirar tdal effects
on top of the larger solar tidal effects.

clockwise in the Northern Hemisphere and clockwise in the
Southem Hemisphere with vortex fod at roughly +30°
magnetic latide. A pardoulady strong easiward curren,
called equatonal electrojet, exists along the geomagnetic
equator because the effective ionospheric conductivity is
unusually high in the lower ionosphere at latitudes where the
geomagnetic feld is neary horieontal. The 5, currents produce
perturbations in the Eanth's magnetic field thar are readily
measured at the ground, Figure 10 shows the northward
component of the magnetic perturbation at Huancayo, Per,
for two phases of the lunar tide: 5 and 12 days following new
micon, These represent average conditions in 1957-58 for the
months of Novernber-Febmiary, when the lunar tide in the
ionosphere is generally largest. The larger solar diumal and
semidiurnal tides produce a nonhward perturbation tha
maximbizes daily a1 around 11.00 LT. On day 5. the lunar tide
enhances the magnetic perturbation at 1 1.00 LT, but reduces it
in the late aftermoon. On day 12 the phase of the lunar tide and
115 effects are reversed from those on day 5. Clear lenar ¢ffecs in
the low-latitude ionospheric electron density are also found,
The E-region dynmamo polarzation eleciric felds are further
tansmitted along magnetic field lines into the overlying
Forepion whete they drive vemical [~20 m s™") and zonal
(=100 m s ') plasma drifts, which influence many important
ionaspheric processes, For example. ventical ExB drifis drive the
plasma fountain which results in dense bands of plasma
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centered aear +15-20" magnetic latinde. This so-called equa-
torial ionization anomaly can be seen in the top center panel in
Figure 11, as the two bluish bands nonh and south of the
magnetic equator. The two lonkzation crests are predominantly
the result of migrating solar tidal winds in the E-region while the
apparent longitudinal modulation on wop, indicated by brighter
colors, B the nsult of nonmigrating tides excited in the wopo-
sphere by Latent heat release in deep convective tropical dlouds.

The realization that nonmigrating tides due to tropaspheric
weather impact the Fregion ionosphere, and as such couple
these aunospheric Layers that are 400 km apamn. is a relatively
new discovery that was made around the year 2005 due 1o new
satellite observations and progress in numerical modeling
Figure 11 summarizes thess observations that are all displayed
for & constant LT, and sketches the cause-and-effect chain of
meteorological impacts on the T system. The most striking
pattem s a 4-peaked ‘wave-4" longitudinal modulation that is
apparent In deep convective cdoud ocourmence (observed by
weather satellites, also compare Figure 6], E-region zonal winds
[ohmi lﬂ’ TIMED, alsoa compane Movie 1), Ihﬂ'lhmpl‘lrrlq
constituents (observed by the SNOE in equatorial nitric oxide
density), eleciron density (observed by the COSMICFormosat-
3), ion density (observed by IMACGE spacecraft in the [

cosml
Fﬂ'll'mc; Kﬂ

F-region
{250-450 km)

?

E-region
{90-170 km)

Tropical
troposphere

ultraviolet), and neutral mass density (observed by CHAMP),
The ‘wave-4' comesponds 1o the DEX nonmigrating tide with
some contribution from the SE2, becawse this is how these
components are chserved ina LT fame (eqn [5]) Movie 2 amd
Figure & show that the DE3 can achieve zonal wind amplitsdes
on the order of tens of m s~ ' in the low latitude E-region. [t thus
efficiently modulaes the E-egion dynamo eeare fields,
resulting in the pronounced ‘wave-d' Fregion plasma density
vanations. All these observations and coresponding model
simulations imply that tropospheric weather s an imponant
contrtbuter 10 the ‘space weather” of the peomagnesically
uiescent ionosphere, even for solar maximum conditions, and
capable 10 change, for example. eleciron density by a facior of
three within 4 few thousand kilometers

Longlwdinal variations in the lonosphenic plasma due o
nonmigrating tides do not abways ocour as a ‘wave-4.' The 'wave-
4' dominates from March 1o October but changes to a 3-peaked
“wivie-3" from November 1o Febmary when observed w0 a fixed
LT (Figure 12). This Is mainly due to the seasonal vanation of
the diumal nonmigrating tides in the Eregion as depicted in
Figure 13, The DE3 dominates from March to Ooober but it is
exceeded by ancther component, the DE2 (observed as
a ‘wave-1] dunng NMonhermn Hemisphere winter.

Figure 11 Meieorolpgical impacts on the ipnosphere-thermosphers due o nonmigrating tides a3 chsarved by different satellites, Tha ‘wave-d' like
latent heat reloase pathern in the iroposphore is found throughout the lonasphore-thermosphene system n various noutral and ion parameters, Dr
G.H. Lin pravided tha ConsieRation Observing Systemn for Meteoralogy, lompsphere & Climate (COSMIC) figure. which is adapled with pormission
fram Lin. CH., a1 al, 2007. Plausibla effect of @mospharic tides an the equatarial ionosphera observed by the FORMOSAT-3/COSMIC: three-
dimenzional electron density structures. Geophysical Research Letters 34, 111112, doic10.1028/2007GLO29265. Or T.4. lmmet provided the IMAGE
figure, which i adapted with permission from immel, T, &t 2 2006 Control of equatonal ionpspharic momhology by atmosphenc fises.
Geophysical Research Letters 33, L15108. dol 10, 1028/2006GL026161. Dr X. Thang and Or 5.1 Bruinsma providad the CHAMP nsutral density data,
The Student Nitric Qide Explorer (SNOE) nitrc oxide figure 5 adapled with peemission from Oberhesde, J., Forbes, J M., 2008, Thermasphenc nitrc
oocide vasiabity induced by nonmigrating lides. Geophysical Research Letiers 35, L16814. doi:10.10297008GLO34825. Deep tropical clowd data are

fram the International Satellite Clowd Climatalogy Project (ISCCP}
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Figure 12 Seasonal varaton of normaied Wid seciron content hom TOPEX Possdon chaervaans for fow (spper mow) and high (lowes row)
solar Sus condmoms, Professol L Scharless provided hesa Tgures, which ane adapied with pormission fie Schansiss, L. Theepsan. D.C,
Schink, LW, mmmmtmmlmc-wmmnwmm A3
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Fiqurs 13 Seasonal variton of ih DE2 and DE3 senal winds.at the
il @ 105 bm s odamrved by the TIDVTIMED bstrament. The
mamBars b paenthases indicets the 2omal wainumReTE whin
besred 0 8 LT bume

The beading mibe of E-regiom dynamo  modulstion in
oppling tdal dynamics ino the ionosphere is undisputed
but there s growing evidende that ather processes. may play
an bmporant wle. Widle s Faeglon don dag has no
memureable effect on the newiml ‘wared” in the upper

thermosphie, mededs on U ot hanad saggiest that tidal
vagiations. in thermospherie O] N and meridional winsds a1
Foregion altitudes may add o the observed plasma variations,
I hiadingg effects from semiadiemal sonmbgrating tdes sish as
e SEX, Diiineating and undesstanding these prodesss,
inchading nonlinear wanve-wave inleracisons and secondary
wave grnenation. is one challenge for the time w come s ddad
woipling from Dlow oonsbtines @ mapor eoergy temm for the
ioneaphiere - thermosplaere mstem. 10 s pariiculasly imporant
sine 1l s a prenequisite for improved space weather predicions
Inclading Glabal Positioning, Syssem ouages doe w bano-
sphaic rvgularities or bileouts,

Appendix A: Supplementary Data

Supplernentary video related o this anicke can be fownd ar
Taiped el kel oy 10, 101 ASHO7H-0:1 2-3A7 225 S8 095,

T following are the supplementary data related 1o this
aricle:
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1600 b
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Weovie | Tempesabime | ool and wind it 1600 b i) Septemiber dueio dumal snd semidumal solar amosgienc lides. The move

B based 0m TIMED snstine obaenations s nns in (ozal sotar time (LT),
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Movie 2 Zonal wind stroctuse of the migrating diumal tide (W1, top) and the sastward propagating nanmigrating thde of sonal wavenumber 3
{DEZ, boltam). The mavie i based on TIMED salsliite observafions and empirical modeling and runs in universal time. The ght column shows the
vertical strotture of the tides at 90° E longitude. Downward phase progression indicates tidal forcing fram befow. Thermospheric fides due to far
and exdrema ultraviolet sbsorplion are not inclsded.

Local Solm Tims = (1 Bepinrmbir, 100 km

Movie 1 Temperature (color) and wind vanations {arrows) at 100 km during September due to diumal solar stmospheric tides. The mowe is
basad on TIMED satellite abservations and runs in LT
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Locsl Solar Time = O h

Sepiarbee, 100 km

a7

Movic 4 As Movia 3 bul for the semidiurmal tide.

- See also: Boundary Layer (Atmospheric) and Air Pollution:

- Divrnal Cycle. Gravity Waves: Buoyancy and Buoyancy Waves:
| Opfical Observations: Buoyancy and Buoyancy Waves; Theory;
- Overview. Mesosphere: lonosphere. Numerical Models:

- Paramaterization of Physical Processes: Gravity Wave Fluxes.

| Radar: Meteor Radar, |
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