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Figure 2. Two examples for a normal mode in a reflecting periodic channel with wavenumbers n and s in the meridional and zonal direction,

respectively. The other parameters are Lx from (1), Ly = 10,000 km, and U = 10 m s�1 . Both modes have a non-zero phase velocity c as

provided in the header of the respective panel.

except that there is no forcing. With these assumptions, there is a discrete but infinite set of solutions, namely
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where the wavenumbers k and l are limited to discrete values given by (21) and (23), respectively, and where the phase speed

c satisfies the well-known dispersion relation

c= U � �

k2 + l2
. (25)

Apparently, the free modes are quantized not only in the zonal direction (due to the requirement of periodicity, non-dimensional

wavenumber s), but also in the meridional direction (due to the finite width of the reflecting channel, non-dimensional220

wavenumber n). For illustration, we show two examples in Fig. 2, namely  0
(4,3) (associated with c= 2.0 m s�1 ) and  0

(2,4)

(associated with c=�3.7 m s�1 ). The corresponding modes on the sphere are the so-called Rossby-Haurwitz waves (Haur-

witz, 1940).

The discrete set of normal modes can be represented as points on the (k, l)-plane. This is done in Fig. 3 (blue points) for

three different values of the channel width Ly . The horizontal rows of points in this diagram represent modes with the same225

value of n but varying value of s, and the value of n increases from the bottom row to the top row. Since we assume that Lx is

given and fixed, the distance between the horizontal rows of points depends on the value of Ly according to �l = ⇡/Ly .

Most of the modes displayed in Fig. 3 are associated with a nonzero phase speed c according to (25). The solid red line in

this plot depicts the location in wavenumer-space where c= 0, which is equivalent to
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