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ATMOSPHERIC TIDES 1 

BY 
JACOB BJERKNES 

University of Califamia, Loa Angele, 

The subject of atmospheri c tides has been and still is a great_ c~al-
lenge to the theoreti cal meteorologist. Despite t~e many bnlliant 
contributions t o atmospheric t idal theory from the time of Lapl'.1-~e up 
to the present, one of the essential t idal features- the surpn smg~y 
great amplitudes of the semidiurnal tide produced by the sun- s_till 
calls for a reall y convincing explanation. This article does not brmg 
any refinements in exist ing tidal theories, but it does provide t he 
suggesti on that the model to which the theories have hitherto been 
applied is not suffi ciently realistic. With a more true-to-nature 
model of the semidiurnal atmospheri c tide, there seems to be a possi-
bility for a simple explanation of the great tidal ampli tude. 

Fig. 1 summarizes the empiri cal facts about the solar harmonic 
components W22, Z2 and Wl as observed in the sea-level atmospheric 
pressure. Note the dominating character of the sectorial progressive 
12h wave, W2

2, with its maximum pressure oscill ation of ± 1.3 mb at 
the equator. The standing 12h oscill ation, Z2 and the tesseral pro-
gressive 8h oscill ation Wl are, in comparison, quite weak. A global 
24h oscill ati on also exists, but it is so mixed up with the thermal sea-
and land-breeze and with vall ey-mountain circulations of 24h period 
that it proves diffi cult to isolate. The evidence from pinpoint islands 
in the tropical Pacifi c without local 24h wind systems is that the 
global diurnal tide has an amplitude of the order one-fifth of that of 
the semidiurnal tide. 

All lunar tidal components in the atmosphere are much weaker than 
the corresponding solar ones, and it is only the sectorial progressive 
wave, W22, that has been found empiri call y (Chapman, 1918). The 
observed lunar ti de pressure oscill ation amounts to ± 0.09 mb at the 
equator, with a decrease towards higher latitudes in the same fashion 
as shown for the solar W2

2 in Fig. 1. 
The contrast to the ocean t ides is striking. In the oceans the 

moon produces a strongu tidal component than the sun because of 
the g_reat_er tidal force exerted by the moon. In the atmosphere that 
relation 1s reversed, although the ratio between lunar and solar tidal 
force~ must be the same. The classical explanat ion of this phenome-
non is based on the assumption of resonance. The atmosphere is 
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Figure l. The planetary harmonic components of atmospheric tides In solar 
time as observed at sea level: W,', the progressive sectorial 12h oscillation (pressure 
Interval 0 .2 mb); Z,, the standing 12h oscillation, depicted at llh or 23h Greenwich 
time (pressure amplitude abou~ 0.06 mb at t-he equator and 0.12 mb at the poles); 
W,•. antisymmetric part of the progressive Sh oscillation averaged from November 
to February (pressure interval 0.1 mb). From Bartels, 1939. 

155 



156 Journal of Marine Research [VII, 3 

supposed to have a period of proper oscillation very close to 12 solar 
hours (in fact, within less than 4 minutes), so that the semidiurnal 
tide can be amplified by resonance. It has been impossible to prove 
by dynamic reasoning that the atmosl?here actually is tuned i~ its 
proper oscillations as exactly as the classical resonance theory reqwres. 
The temperature and pressure parameters of the oscillati1;1g atmosphere 
vary greatly with season, as well as from the o_n~ hem.Jsl?here to the 
other· nevertheless the amplitude of the sem1dmrnal tide at each 
locality varies by a' few per cent only (maximum ~t. both equinoxes). 
It would be a great relief for the resonance theory 1f it could be shown 
that the tuning of the proper oscillations of the atmosphere is not 
required to be as sharp as indicated above. 

It has long 9een known that the semidiurnal ~ide ~as _some lag in 
phase with height, but, to my knowledge, the imphcat10ns of that 
feature for the dynamics of the tide have not been expressed in tidal 
theory. Fig. 2 shows a profile of the "tilting 12h tide" as obtained by 
Wagner (1932, 1938) through harmonic analysis of pressure records 
at elevations from 522 m to 4,575 m in the Alps. At the highest 
elevation the phase of the semidiurnal tide is about two hours behind 
that observed globally at low level stations. The delay of the pressure 
extremes with height is equivalent to an eastward tilt of the westward 
moving crests and troughs. 

The temper~ture field of the tilting tide was determined also by 
Wagner on the basis of the pressure oscillation and with the assump-
tion of quasistatic equilibrium (neglect of vertical acceleration and 
vertical Coriolis force). The temperature profile is shown in the 
lower part of Fig. 2. The semidiurnal temperature wave (obtained 
indirectly from the much more accurate determination of the pressure 
wave) is also delayed with height, but the time lag does not increase 
beyond the elevation of 2 km above sea level. 

The physical process responsible for the 12h temperature wave can 
be read_ from Fi~. 3, which contains the 24h and 12h terms of the 
harmon~c ana~ysis of temperature at the various heights covered by 
Wagner s Alpm~ <lat~. _The temperature curves again refer to the 
temperature derived mdirectly through the analysis of the pr 
d t t t · l t · essure 

a a a moun am . oca ions. In all levels the 24h temperature wave 
has a greater amplitude than that of the 12h wave and represent · 
fi th . . . sma 

rs armomc approX1mat10n the day and night diff erences of tempera-
ture. The 12h wave of temperature is of such a phase that it cha 
h 24h · f t· · nges t e . sme unc 10n mto one with a steep temperature increase in the 

mornmg hours and a more gentle decrease of temperature in the ft 
Th h · l . a er-noon. e p ys1ca_ process mvolved, both in the 24h and in the 12h 

temperature wave, 1s obviously that of radiation, which calls for a 
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Figure 2. Upper part: Prollle of the semidiumal harmonic component of pressure, based 

on data from Alpine summit stations. Lower part: Prollle of the semldiurnal component of 
temperature derived from corresponding pressure data with the assumption of qua!!lstatlc 
conditions. (Data from Wagner, 1932.) 

higher temperature in the daytime than at night; more specifically, 
radiation also calls for a rapid rise in temperature after sunrise and a 
slower decrease of temperature after the diurnal maximum. The 
"sunrise effect," known from the shape of thermograms near the 
ground, is revealed also by the temperature curves at higher levels. 
In fact, the ratio of the amplitudes of the 12h and 24h temperature 
waves increases with height, indicating that the sunrise effect on the 
shape of the diurnal curve of free-air temperature becomes more 
accentuated with height. 
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With the assurance of the physical reality of the 12h temperature 
wave, we may now venture to extrapolate the semidiurnal waves of 
pressure and temperature upwards beyond the levels of the highest 
points of observation in the Alps. In the lower portion of Fig. 4 the 
crests and troughs of the semidiurnal pressure and temperature waves 
have been copied as solid lines from Fig. 2, and up beyond 4.5 km the 
dashed lines show our tentative extrapolation. The temperature 
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wave, which is timed by the "sunrise effect," continues quasi vertically 
upward with an insignificant tilt due to the earlier arrival of sunrise 
with height. The pressure wave tilts asymptotically towards phase 
coincidence with the temperature wave, as prescribed by hydrostatics. 

The total picture of the semidiurnal atmospheric tide is thus com-
posed of pressure waves moving at the speed of local time from east 
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Figure 4. Upper part: Oscillation pattern of the semidiurnal tide with phase times as 
observed at roughly 4.5 km. Lower part: Profile of the tilting semidiurnal tide. Shaded 
space indicates convergence of the horizontal velocity field ; unshaded space, divergence. 
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to west and tilting backwards with height all the way up to the st~ato-
sphere. At 4.5 km, about halfway through the atmospher~ by weigh~, 
the phase times of the pressure waves are those of a simple semi-
diurnal gravitational tide produced by the sun. Below 4.5 km the 
pressure waves have earlier phase, and above 4.5 km later phase, than 
that of a simple gravitational tide because of the tilt produced by 
thermal asymmetry. 

According to the theory of Pekeris (1937), the semidiurnal solar 
tide is of cellular structure and changes phase at about 30 km. That 
feature lies beyond the upper limit of Fig. 4 and will not influence the 
following discussion because of the small values of air density up 
beyond 30 km. 

In the upper part of Fig. 4 a first approximation map of the hori-
zontal projection of tidal streamlines has been inserted. It is vis-
ualized as applying to the level of roughly 5 km, where the observed 
tide has its pressure maxima· at noon and at midnight. At other 
elevations the same oscillation pattern would be displaced as shown by 
the tilting crest and trough lines in the zonal profile. The pattern of 
tidal winds is assumed to be that derived by Bartels (1928) ; it is 
"antigeostrophic," that is, the pressure gradient and the Coriolis 
force act in the same direction and force the particles around in anti-
cyclonic orbits with 12h period, and hence shorter than the inertia 
period 12h/sin <p. 

The spaces of horizontal velocity divergence and convergence, 
limited roughly by the longitudes of maximum and minimum pressure 
must tilt just as do the crests and troughs of pressure. That is incli~ 
cated in Fig. 4 by shading in the zonal profile. In the surface layers 
friction must modify the distribution of divergence to a certain extent'. 
That effect can best be visualized at the equator, where the tidal wind 
is either east or west and where the force of friction can be assumed to 
be right opposite to the instantaneous wind. The tidal wind in the 
friction layer will reach its maximum when the force of friction and 
that of the ?ressure_ gradient are equal and opposite, which must 
occur some t~me ?urmg ~he _phase when wind and pressure gradient 
have equal direct10n, which m turn means somewhere in the w t 
half of the high and in the western half of the low pressu esh ern 
Th l f . t"d 1 . d re p ase. ose paces o maximum i a wm , westward and eastw d ·11 
presumably indicate also the location of zero horizontal dive ar ' WI f 
h "d 1 · d · h f · t· 1 I h rgence o t e ti a wm mt e nc 100 ayer. n t e zonal profile the z r 

of horizontal divergence of the tidal wind have been drawn ace e; i~es 
The tendency equation applied to the semidiurnal pressur°r ~ng y. 

at the ground (p = pressure, t = time, g = acceleration of e c a~ge 
p = air density, v,, and v~ = horizontal wind components), graVIty, 
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the density advection term being only about 10-3 times the magnitude 
of the divergence term. We may therefore discuss the semidiurnal 
pressure change directly from Fig. 4, which contains the zonal profile 

( 
av., av11) 

of horizontal divergence, - + - . The pressure rise at the ax ay 
ground, centered around 7h and 19h local time, comes from the surplus 
of horizontal convergence in the vertical column, and the pressure fall, 
centered around lh and 13h local time, comes from the surplus of 
horizontal divergence. The mechanism of the westward progresi;;ion 
of the pressure oscillation lies in the alternation of convergence and 
divergence in the proper phase to give pressure rise west of the high 
and pressure fall west of the low. In order to give zero value for the 
pressure tendency at the ground at 4h and 16h local time, the upper 
divergence must just compensate the lower frictional convergence in 
the right hand integral in (l'), and analogously, at 10h and 22h the 
upper convergence must compensate for the lower divergence. With-
out the frictional divergence and convergence the pressure tendency 
would have been positive at the crest of the high and negative at the 
trough of the low, which would have meant a progressively increasing 
amplitude of the semidiurnal pressure oscillation. The great ampli-
tude of the semidiurnal pressure oscillation can therefore be under-
stood as an effect of its tilt in space, which in turn is the result of its 
thermal asymmetry. The semidiurnal pressure oscillation will main-
tain an adjusted intensity at which the frictional effect near the ground 
is just strong enough to check the growth of the wave motion. 

An exact theory, built on the rough outline above, will probably 
show that a less rigorous approach of the period of proper oscillations 
to 12 solar hours is required for tilting pressure waves than for non-
tilting ones. The big semidiurnal pressure amplitudes would then 
cease to be a theoretical enigma. 

The 24h solar tide, which was also analyzed by Wagner, does not 
show any appreciable tilt of pressure crests and troughs and will 
therefore not be subject to the intensification described for the 12h 
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solar tide. As for the lunar tide there is no reason to expect any 
thermal asymmetry with inherent tilt and intensification, and hence 
it is understandable that the lunar tide remains much weaker than the 
solar tide. 

The tilt of the semidiurnal atmospheric tide has of course no analogy 
in the ocean, because the ocean has no semidiurnal temperature 
oscillation in depth. The theory of ocean tides, which in a general 
way has set the pattern for the theory of atmospheric tides, will call for 
a generalization to fit the tilting semidiurnal atmospheric tide. 
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