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Key Points

Understanding the origins and fundamental properties of the Kelvin wave and its role in the Earth’s atmospheric and oceanic
phenomena.

Synopsis

The Kelvin wave is a unique, large-scale gravity wave modified by the Earth’s rotation and trapped at the Equator or along
lateral vertical boundaries in a geophysical (rotating and gravitationally stratified) fluid. The boundary-trapped and equa-
torially trapped Kelvin waves can be further classified as surface and internal. With geostrophic balance and boundary effects
at work, the Kelvin wave propagates unidirectionally, with amplitude exponentially decaying away from the boundary or
Equator. The internal Kelvin wave can propagate vertically and transport energy and westerly momentum upward. Its
behavior and dynamics play a central role in various atmospheric and ocean phenomena on Earth.

Introduction

The Kelvin wave is a large-scale wave motion of great practical importance in the Earth’s atmosphere and ocean. Discovered by Sir
William Thomson (who later became Lord Kelvin), the Kelvin wave is a special type of gravity wave that is affected by the Earth’s
rotation and trapped at the Equator or along lateral vertical boundaries such as coastlines or mountain ranges (Thomson, 1879).
The existence of the Kelvin wave relies on (1) gravity and stable stratification for sustaining a gravitational oscillation, (2) significant
Coriolis acceleration, and (3) the presence of vertical boundaries or the Equator (Gill, 1982).

There are two basic types of Kelvin waves: boundary-trapped and equatorially trapped (Gill, 1982; Holton, 2004). Each type of
Kelvin wave may be further subdivided into surface and internal Kelvin waves. Surface, or barotropic, waves penetrate the entire
depth of the fluid. Kelvin waves also appear within the stably stratified ocean and atmosphere, and are called internal, or baroclinic,
Kelvin waves. Internal Kelvin waves are often found in a layer with large density gradients; the density gradient acts as an interface
that allows the existence of internal gravity waves. Examples of such density gradients are the oceanic thermocline (a layer of large
vertical temperature gradient about 50e200 m deep separating the warm surface water above it and the cold deep water below) and
the lower edge of an atmospheric inversionea layer in which temperature increases with height. Like gravity waves, Kelvin waves can
also propagate vertically in a continuously stratified geophysical fluid.

One important feature of the horizontally propagating Kelvin wave is its unidirectional propagation. The Kelvin wave moves
equatorward along a western boundary, poleward along an eastern boundary, and cyclonically around a closed boundary (coun-
terclockwise in the Northern Hemisphere and clockwise in the Southern Hemisphere) (Gill, 1982). The wave amplitude is largest at
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the boundary and decays exponentially with distance from it. At the Equator, Kelvin waves always propagate eastward, reaching
their maximum magnitude at the Equator and decaying exponentially with increasing latitude.

Atmospheric Kelvin waves play an important role in the adjustment of the tropical atmosphere to convective latent heat release,
in the stratospheric quasi-biennial oscillation (QBO) (Holton, 2004), and in the generation and maintenance of the Maddene
Julian Oscillation (MJO) (Madden and Julian, 1971, 1972; Wang et al., 2016). Oceanic Kelvin waves play a critical role in tidal
motion, in the adjustment of the tropical ocean to wind stress forcing, and in generating and sustaining the El Niño-Southern Oscil-
lation (ENSO) (Clarke, 2008; Philander, 1990; Vallis, 2019).

Boundary-Trapped Kelvin Waves

Surface Kelvin Waves

The mechanism and properties of the surface Kelvin wave can be illustrated by considering a horizontally propagating Kelvin wave
in a rotating fluid of uniform finite depth H, where H is small compared to the horizontal extent of the fluid. The fluid has a homo-
geneous density and a free surface, and is confined by a vertical lateral boundary. Such an idealized model is referred to in geophys-
ical fluid dynamics as a shallow water model (Holton, 2004).

The lateral bounding wall prohibits flow across the boundary, and this absence of transverse motion with respect to the lateral
boundary is a defining characteristic of Kelvin waves (Fig. 1). Fluid parcels (elements) are constrained to move in a vertical plane
parallel to the lateral boundary in the neighborhood of the boundary. Thus, the horizontal longshore (along the boundary) compo-
nent of the Coriolis force must vanish. Consequently, the wave motion at the lateral boundary, and in any parallel vertical plane, is
exactly the same as a hydrostatic gravity wave in a nonrotating system, that is, the shallow water gravity wave (Fig. 1). This wave travels
along the boundary with a phase speed c determined by the square root of the product of the gravitational acceleration (g) and the

depth of the fluid (H), namely, c ¼ ðgHÞ1=2 (Holton, 2004). The surface Kelvin wave is nondispersive, thus the shape of the wave in
the longshore direction is arbitrary and is conserved as the wave travels, and the wave energy is transmitted at the speed of the
shallow water gravity wave. Because the Kelvin wave solution in any vertical plane parallel to the lateral boundary is identical to
that of the nonrotating case, the energy of a Kelvin wave is partitioned equally between kinetic energy and potential energy
(Gill, 1982).

A fundamental difference between the Kelvin wave and the two-dimensional gravity wave is that the Kelvin wave can propagate
in only one direction, rather than in two opposite directions. This is due to the constraints of the Earth’s rotation and the presence of
the lateral boundary. Rotation modifies the flow by piling up fluid against the lateral boundary, producing an offshore (normal
to the boundary) pressure gradient force associated with the surface elevation. Since offshore motion is prohibited by the presence
of the boundary, the offshore pressure gradient force must balance the Coriolis force associated with the longshore flow. For this
reason, the motion is referred to as semi-geostrophic (i.e., the geostrophic balance that is reached in only one direction). A direct
consequence of this geostrophic balance is the exponential decay of the longshore velocity and surface height with distance from the
lateral boundary (Fig. 1). The Kelvin wave amplitude is significant only within an e-folding distance of the order of the Rossby radius

Direction of Progress

Direction of Progress

Fig. 1 Northern Hemisphere Kelvin waves on opposite sides of a channel that is wide compared to the Rossby radius. In each vertical plane parallel
to the coast, the currents (shown by arrows) are entirely within the plane and are exactly the same as those for a long gravity wave in a nonrotating
channel. However, the surface elevation varies exponentially with distance from the coast in order to give a geostrophic balance. This means Kelvin
waves move with the coast on their right in the Northern Hemisphere and on their left in the Southern Hemisphere. Reproduced from Gill, A.E., 1982.
AtmosphereeOcean Dynamics. Academic Press, New York, NY.
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of deformation (lR) from the lateral boundary. This important length scale is defined by the ratio of the gravity wave speed, c, over
the absolute value of the Coriolis parameter (f ). Over this characteristic distance, the tendency of the gravitational force to flatten the
free surface is balanced by the tendency of the Coriolis force to deform the surface. This is only possible for a wave traveling in the
direction along which the lateral boundary (where the wave has maximum amplitude) is always on the right in the Northern
Hemisphere and on the left in the Southern Hemisphere (Fig. 1). Therefore, the effects of rotation and the lateral boundary
determine the unidirectional propagation and the trapped behavior of the Kelvin wave.

Internal Kelvin Waves

The horizontally propagating internal, or baroclinic,1 Kelvin wave behaves in the same manner as the surface wave except that the
motion varies with depth. Most frequently, it occurs at a stable interface (or a thin layer with large vertical density gradients) sepa-
rating two relatively homogeneous layers within a fluid medium. For internal Kelvin waves, the pressure gradient force normal to
the lateral boundary arises from the tilt of the interface and is balanced by the Coriolis force associated with the vertical differential
flow parallel to the boundary. The internal Kelvin wave speed depends on the density difference across the interface and is normally
much slower than that of the surface Kelvin waves. In the ocean, the typical speed for internal coastal Kelvin waves is of the order of
1 m s�1 and the Rossby radius of deformation is of the order of 10 km in the midlatitudes. Evidence for coastal Kelvin wave prop-
agation along the eastern boundary of the Pacific has been observed in coastal sea level and temperature records.

In the atmosphere, boundary-trapped Kelvin waves occur primarily in the form of internal waves. They are often found along the
edge of a plateau or a mountain range, such as the coast of South Africa (Gill, 1977), and the eastern flank of the Tibetan Plateau
(Nakamura and Doutani, 1985). These internal Kelvin waves are created near a stable inversion layer (often located at the top of the
boundary layer) against steep topography. The elevated plateau or mountain range rises above the inversion, forming a lateral
boundary for the air of the lower layer. Energy is prevented from escaping vertically by the inversion and laterally by the topography.
The maximum disturbance intensity of these waves is found near the coast or plateau and decreases exponentially in intensity away
from the coast or plateau. The offshore extent of the waves depends on both the thermal structure and topography. When the topog-
raphy is steep, the depth of the inversion determines the Rossby radius of deformation for the atmospheric internal Kelvin wave,
which is typically on an order of 1000 km.

Equatorially Trapped Kelvin Waves

Horizontally Propagating Kelvin Waves

Matsuno (1966) showed that the eastward-propagating Kelvin wave is a possible free solution to the perturbation equations of the
shallow water model on an equatorial b-plane (b is the meridional gradient of the Coriolis parameter), provided that the merid-
ional velocity vanishes. This type of wave is called an equatorial Kelvin wave, so named because it is extremely similar in character to
coastally trapped Kelvin waves, with the Equator serving as a boundary.

Like the coastal Kelvin wave, the propagation of an equatorial Kelvin wave is unidirectional. The equatorial Kelvin waves move
eastward only. In each vertical plane parallel to the equatorial vertical plane, themotion of fluid particles is precisely the same as that
in a shallow water gravity wave (Wheeler et al., 2000) (Fig. 2). The Kelvin wave propagates without dispersion at the gravity phase
speed as for nonrotating long gravity waves. Because the Coriolis parameter changes sign at the Equator, Coriolis force acting on
a westerly flow tends to turn it equatorward on both sides of the Equator, piling up fluid at the Equator and generating a poleward
pressure gradient force. In this sense, the Equator acts as a lateral wall. The Earth’s rotation links themotion in each latitudinal plane,
because the conservation of momentum in the northesouth direction requires a geostrophic balance between the Coriolis force and
the meridional pressure gradient force. This geostrophic balance results in the perturbation zonal velocity reaching a maximum on
the Equator and decaying with increasing distance from the Equator (Fig. 2). This is possible only for eastward-traveling waves.
Thus, equatorial Kelvin waves are eastward-propagating and have zonal velocity and pressure perturbations that vary with latitude
as Gaussian functions centered on the Equator (Fig. 2). The e-folding distance for the decay with increasing latitude is given by

21=2lR and lR ¼ ðc=bÞ1=2, where c is the gravity wave speed and b is the meridional gradient of the Coriolis parameter at the Equator
(Holton, 2004). Here lR is called the equatorial Rossby radius of deformation, because of its similarity with the decay scale for the
case of a constant Coriolis parameter in off-equatorial regions (Hoskins and Wang, 2006). The same analysis can be applied to bar-
oclinic waves in both the atmosphere and the ocean, withH being interpreted as the equivalent depth. Typical values of the internal
gravity wave speed, c, for the tropical atmosphere are 50 m s�1, giving an equatorial Rossby radius of deformation of�19 degrees of
latitude. For baroclinic ocean waves, appropriate values of c are typically in the range of 2e3 m s�1, so that the equatorial Rossby
radius is about 420e510 km.

1Here the baroclinic refers to the “baroclinic motion,” which means the (wave) motion changes with height/depth. It differs from the concept of the “bar-
oclinic fluid.”
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Vertically Propagating Kelvin Waves

Vertically propagating Kelvin waves can be illustrated by considering a continuously stratified fluid with a constant buoyancy
frequency in a semi-infinite vertical domain near a lateral boundary or in the vicinity of the Equator. For simplicity, consider a linear
equatorial b-plane model. Solutions can be obtained using the normal mode technique by neglecting meridional perturbations. In
a vertical section along the Equator, or in any parallel vertical plane, the motion of vertically propagating equatorial Kelvin waves
shares similar properties of an ordinary vertically propagating gravity wave. Such waves’ perturbation motion, pressure, and temper-
ature structure are shown in Fig. 3 (Holton, 2004). The local change in temperature is due to adiabatic warming or cooling, so that
the temperature oscillation leads the vertical (zonal) wind and pressure oscillations by a quarter cycle.

Since stratospheric Kelvin waves are forced from below by disturbances in the troposphere, where the wave energy propagation
must have an upward component. According to Holton’s theory (Holton, 2004), Kelvin waves become dispersive in the presence of
vertical propagation, and that the vertical component of their phase velocity is always opposite to that of their group velocity (the
velocity at which the wave energy is transmitted). Thus, the phase velocity must have a downward component. The condition of
eastward propagation due to equatorial trapping requires that the vertical wave number be negative. Hence, an eastward and
downward-propagating equatorial Kelvin wave has constant phase lines that tilt eastward with height (Fig. 3).

Because the perturbation in zonal wind depends on the pressure gradient force, the highest zonal pressure gradient precedes the
largest westerly acceleration by a quarter wavelength, and the zonal wind and pressure waves coincide. This creates an upward flux of
wave energy. An individual parcel moves up along the tilted phase line, bringing westerly momentum upward, and moves down,
bringing easterly momentum downward. The positive correlation between the vertical (w0) and zonal perturbation velocities (u0)
ensures a positive momentum flux (u’w’ > 0) (Holton, 2004). Hence, the Kelvin wave transfers westerly momentum upward.

Significance of Kelvin Waves in the Atmosphere and Ocean

Oceanic Kelvin Waves

Kelvin waves are essential in the description of ocean tides. For a deep ocean (H ¼ 5 km) at 30�N, the Rossby radius for barotropic
Kelvin waves

ffiffiffiffiffiffi

gH
p

=f is about 3000 km (Cushman-Roison, 1994). Continental shelf regions normally extend about 100 km
seaward; hence, a steep continental slope is practically indistinguishable from a vertical boundary at the scale of the Rossby radius.
Thus, a barotropic Kelvin wave extends far from the coast and occupies a substantial fraction of a typical ocean. Much of the energy
of tide waves traveling along the coast is transmitted in the form of barotropic Kelvin waves with a speed of about 200 m s�1. For
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Fig. 2 The theoretical equatorially trapped Kelvin wave solution to the linear shallow water equations on an equatorial b-plane for a nondimensional
zonal wave number 1, which is constructed from the theory of Matsuno (1966). Hatching is for convergence and shading for divergence, with a .6
unit interval between successive levels of hatching or shading, and with the zero divergence contour omitted. Unshaded contours are for
geopotential, with a contour interval of .5 units. Negative contours are dashed and the zero contour is omitted. The largest wind vector is 2.3 units,
as marked. Reproduced from Wheeler, M., et al., 2000. Large-scale dynamical fields associated with collectively coupled equatorial waves. J. Atmos.
Sci. 57(5), 613e640.
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shallow seas and coastal waters, the Rossby radius is about 200 km. When a Kelvin wave moves through a region in which the fluid
depth or the Coriolis parameter varies and the wave energy flux remains constant, the amplitude of the wave varies in proportion to

ðjf j=HÞ1=2 (Gill, 1982). Thus, wave amplitude increases when Kelvin waves move into shallow water. In coastal regions, Kelvin
waves can also be generated as storm surges are diffracted by vertical boundaries and scattered by irregular coastlines. Variable long-
shore winds and atmospheric pressure gradients acting on the sea surface are also possible energy sources for oceanic Kelvin waves.

Internal coastal Kelvin waves can be generated by wind-induced, time-dependent coastal upwelling. Coastal upwelling (down-
welling) is caused by an Ekmanmass flux transported offshore (onshore) and forced by longshore winds. The disturbances can then
propagate along the coast as boundary-trapped internal Kelvin waves. Therefore, the amount of upwelling depends not only on
local wind forcing but also on the forcing that generated the waves at an earlier time. In a lake, during strong wind forcing, the region
of upwelling progresses cyclonically (in the Northern Hemisphere) at the speed of an internal Kelvin wave.

Equatorial Kelvin waves play a critical part in thermocline adjustment. As the equatorial ocean circulation responds to wind
stress forcing, equatorial Kelvin waves transmit signals rapidly from the western to the eastern extremities of the ocean basin.
Internal Kelvin waves propagating along the thermocline take about two months to cross the entire equatorial Pacific. These equa-
torial Kelvin waves play an essential role in the ENSO cycle. First, they support positive feedback between the central Pacific zonal
wind and the eastern Pacific sea surface temperature (SST) anomalies. A westerly wind anomaly excites downwelling Kelvin waves,
which propagate into the eastern Pacific, suppressing the thermocline and causing the SST to rise; this, in turn, enhances the central
Pacific westerly wind anomaly by increasing the eastward pressure gradient force in the atmosphere. This positive feedback provides
a development mechanism for ENSO SST warming (Bjerknes, 1969). Second, the cyclonic wind stress curl associated with the
central Pacific westerly wind anomaly can induce upwelling oceanic Rossby waves that propagate westward. These waves are even-
tually reflected at the western ocean boundary, generating upwelling equatorial Kelvin waves, which propagate into the eastern
Pacific and offset the warming by enhancing vertical cold advection. This negative feedback provides a mechanism for turning
the coupled system to its opposite (La Niña) phase and sustaining the ENSO cycle (Battisti, 1989). In addition, the atmospheric
intraseasonal wind forcing continuously generates equatorial Kelvin waves whose nonlinear rectification to the mean state may
also contribute to the eastern Pacific warming (Kessler et al., 1995).

Atmospheric Equatorial Kelvin Waves

The atmospheric equatorial Kelvin wave is one of the pivotal wave motions in response to the tropical atmospheric circulation to
a heat source (Gill, 1980) (Fig. 4). When an imposed heating centered on the Equator is switched on at some initial time, Kelvin
waves carry information rapidly eastward, thereby creating easterly trade winds in that region and forming a Walker cell (rising
motion over the heat source region and sinking motion to its east) (Fig. 4C). Internal equatorial Kelvin waves traveling with typical
speeds of 20e80 m s�1 are an effective means by which the equatorial atmosphere becomes homogenized in the zonal direction
(Gill, 1982). This phenomenon is seen in the atmospheric response to an El Niño-induced heat source. The Kelvin wave

Fig. 3 Longitudeeheight section along the Equator showing pressure, temperature, and wind perturbations for a thermally damped Kelvin wave.
Heavy wavy lines indicate material lines; and short blunt arrows show phase propagation. Shading shows areas of high pressure and upward
motions. The length of the small thin arrows is proportional to the wave amplitude, which decreases with height owing to damping. The large shaded
arrow indicates the net mean flow acceleration owing to the wave stress divergence. Reproduced from Holton, J.R., 2004. Introduction to Dynamic
Meteorology, fourth ed. Academic Press, San Diego, CA.
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propagation raises the upper-tropospheric geopotential height across the entire tropics. The low-level easterly winds are in
geostrophic equilibrium, so that there is a trough along the Equator, with the winds along the Equator flowing directly down
the pressure gradient (Fig. 4). The westward-propagating Rossby wave regime to the west of the forcing region is about one-
third the size of the Kelvin wave regime because long Rossby waves travel at one-third of the Kelvin wave speed (Fig. 4A). The equa-
torial westerlies between the symmetric Rossby waves provide inflow into the heating region, and are in geostrophic equilibrium, so
that a relative ridge appears along the Equator (Fig. 4B). Meanwhile, the flow converges toward the Equator. If atmospheric damp-
ing is taken into account, Gill’s model can largely explain the steady-state atmospheric response to an imposed heat source.

The Kelvin and mixed Rossby-gravity waves are the predominant disturbances in the equatorial stratosphere. They play a critical
role in the stratospheric circulation through their vertical transport of energy andmomentum. Stratospheric Kelvin waves are excited
by oscillations in the large-scale convective heating pattern in the troposphere, providing a source of westerly momentum for the
Quasi-Biennial Oscillation (QBO). The QBO is a zonal wind oscillation in the equatorial stratosphere, and propagates downward
with a period of about 24e30 months (Holton, 2004). As vertically propagating Kelvin waves carry westerly momentum upward,
they are damped by radiative cooling, small-scale turbulence, and critical level interaction. As the waves are damped, they lose
momentum and accelerate the westerly mean flow. The damping depends on the Doppler-shifted wave frequency (Holton,
2004). As the Doppler-shifted frequency decreases, the vertical component of the group velocity also decreases, and a longer
time is available for the wave energy to be damped. Hence, the westerly Kelvin waves tend to be damped preferentially in the west-
erly shear zone, where their Doppler-shifted frequencies decrease with height. The associated momentum flux convergence produces
a westerly acceleration of the mean flow, causing the westerly shear zone to descend.

In the troposphere, the coupled Kelvin-Rossby wave response explains the convective structure of the Madden-Julian Oscillation
(MJO)ethe most dominant mode of tropical intraseasonal variability that bridges weather and climate (Wang et al., 2016; Zhang,
2013). It provides a physical basis to predict extreme weather 2e8 weeks ahead, which has immense socioeconomic benefits for
hazard prevention, risk management, and economic planning. Madden and Julian (1971) discovered a 40e50-day oscillation in
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meridionally integrated flow showing: (1) stream function contours and (2) perturbation pressure. Note the rising motion in the heating region
(where there is a trough) and subsidence elsewhere. Reproduced from Gill, A.E., 1980. Some simple solutions for heat-induced tropical circulation.
Q. J. Royal Meteorol. Soc. 106, 447e462.
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tropospheric zonal winds at the equatorial central Pacific. From a dynamical standpoint, this local oscillation is associated with
a planetary-scale, unstable circulation system (coupled with a multiscale convective complex) that moves eastward slowly
(�5 m s�1 over the warm pool) with a rearward-tilted moisture content (vertical motion) and a coupled KelvineRossby wave struc-
ture (Wang et al., 2016). A three-dimensional structure of the MJO is summarized by the schematic diagram shown in Fig. 5, which
can be viewed as an extension of the two-dimensional structure along the Equator made byMadden and Julian (1972). The pressure
and circulation are nearly out of phase between the lower and upper troposphere. At the Equator, the meridional winds are insig-
nificant. The amplitude of the oscillation decays with distance away from the Equator. A low-level low-pressure anomaly is accom-
panied by Kelvin wave-induced easterly wind anomalies, triggering boundary layer moisture convergence (BLMC) east of the MJO
convective complex. The Kelvin wave-induced BLMC feedback is critical in coupling the equatorial Kelvin and Rossby waves with
convective heating, driving the MJO system eastward, and generating planetary-scale instability against dissipation (Wang et al.,
2016). Arguments involving the coupling with equatorial westward-traveling Rossby waves and the moisture feedback to the latent
heat release in the disturbances and reduced effective static stability and viscous damping have been invoked to explain the observed
slow phase speed.

Conclusion

The Kelvin wave is a unique type of gravity wave shaped by the Earth’s rotation and trapped by lateral vertical boundaries or the
Equator. It plays a fundamental role in adjusting the ocean and the atmospheric conditions by transmitting momentum and
wave energy. This section not only revisits the interesting properties of various kinds of the Kelvin waves but also demonstrates their
ubiquitous role in phenomena ranging from synoptic weather conditions and tidal motions, intraseasonal atmospheric variabilities
like the MJO, to interannual climate variabilities such as ENSO and the QBO. The ability of coupled general circulation models to
simulate the observed Kelvin waves will be essential to advance seamless weather and climate prediction.
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