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Figure 9: The westward phase propagation of Rossby waves in the ocean is clearly visible in a time-series
of sea-surface height (SSH) anomalies from NASA’s TOPEX/POSEIDON satellite, from Southampton
Oceanography Centre. 10 cycles on the y-axis corresponds to about 3 months.

where c ⌘

p

gH0. This simplifies to k2D + |k|2 � 2k2 = 0. If we consider waves with l = 0, we see that
the maximum frequency therefore occurs at k = �kD. Plugging this back into Eq. (4.7), the maximum
frequency supported by the QG equations is
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. (4.10)

Since � = 2⌦cos⇥/R and f0 = 2⌦sin⇥, where ⇥ is the latitude, ⌦ is the frequency of the Earth’s rotation,
and R is the Earth’s radius, the maximum frequency can be written

!max/f =

p

gH0tan⇥

2Rf
. (4.11)

In the ocean, with H0 ' 4km, and at a latitude of 45�, !max ' 0.16f . Since f is known as the inertial

frequency, Rossby waves are always sub-inertial. Also, note that sub-inertial motions tend to be close to
geostrophic balance since the Earth’s rotation has plenty of time to take e↵ect (although this was already
obvious since we started our derivation by assuming that the Rossby number was small).

The zonal phase speed of the Rossby waves is

cx =
!

k
=

��

k2D + |k|2
. (4.12)

Since the denominator is positive, and � ⌘ @f/@y > 0 for all latitudes (in both Hemispheres). Therefore,
Rossby waves are characterized by westward phase propagation. Figure 9 shows clear evidence of the
westward phase propagation of Rossby waves in the ocean.
We can gain some insight into the physical nature of Rossby waves by considering waves with large and
small scales separately. First, let’s consider small Rossby waves with |k|2 >> k2D. In this limit, Eq. (4.6)
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FIG. 7. The global zonally averaged first-baroclinic Rossby radi-
us of deformation l1 in kilometers (solid line) obtained from the
18 3 18 gridded Rossby radii shown in Fig. 6. The y axis is expanded
in the lower panel to resolve the middle- and high-latitude Rossby
radii better. The dashed lines represent least squares fits over the
latitude range 108–608 to an empirical quadratic function of inverse
latitude; the parameters of the least squares estimates are listed in
Table 1. Least squares fit parameters for each individual ocean basin
are listed in Table 1.

TABLE 1. The parameters of the least squares estimate of the zonally averaged first baroclinic Rossby radius of deformation in kilometersl̂1
obtained by regression onto a quadratic function of inverse latitude for the latitude range 108–608. The form of the quadratic function is

5 a0 1 a1q21
1 a2q22, where q is the absolute value of latitude. The coefficients a0, a1, a2 and the root-mean-square and maximuml̂ (q)1

error of the regression fit are listed separately for each hemisphere for the global ocean (see Fig. 7), the Pacific Ocean, the Atlantic Ocean,
and the Indian Ocean.

a0 a1 a2 rms (km) max (km)

Global Ocean
Northern Hemisphere
Southern Hemisphere

217.13
212.79

1908.41
1641.09

27572.13
24827.22

1.69
1.45

4.34
2.74

Pacific Ocean
Northern Hemisphere
Southern Hemisphere

214.77
26.89

1866.03
1396.94

26809.97
22587.56

1.17
1.12

2.67
2.46

Atlantic Ocean
Northern Hemisphere
Southern Hemisphere

218.66
215.03

1902.66
1673.95

28285.09
26073.50

2.57
2.44

6.55
4.77

Indian Ocean
Northern Hemisphere
Southern Hemisphere

213.90
220.05

1376.39
1994.46

21833.22
27500.20

1.00
3.57

22.62
4.57

North Atlantic maps of the first baroclinic gravity-
wave phase speed c1 and Rossby radius l1 computed
from the LOC data are shown in Fig. 8. The contours
are generally very similar to the North Atlantic contours
in Figs. 2 and 6. A scatterplot comparison of l1 com-

puted from the two datasets is shown in Fig. 9a. Over
most of the North Atlantic, the two estimates are in very
close agreement; 68% of the NODC solutions fall within
65% of the LOC solutions and 95% fall within 620%
of the LOC solutions (Fig. 9b).
A map of the locations where the NODC and LOC

solutions for l1 differ by more than 610% is shown in
Fig. 10. The influences of the effects of isobaric aver-
aging and large horizontal smoothing are readily ap-
parent. By comparison with the dynamic height field
superimposed on Fig. 10, it can be seen that most of
the large discrepancies are associated with regions of
steeply sloping isopycnal surfaces, for example, the Gulf
Stream and its northward extension around Grand Banks
and Flemish Cap. The LOC values of the Rossby radius
are more than 10% larger than the NODC values on the
right side (when facing downstream) of this current sys-
tem. Likewise, the LOC values are 10% smaller than
the NODC values on the left side. Locations of more
than 610% differences are also found along the eastern
continental margin and more or less randomly distrib-
uted over the open ocean poleward of 408N where l1
becomes very small (less than 20 km) and small dif-
ferences are therefore a large fraction of the NODC
value. Some of these differences are likely attributable
to the different quality control procedures applied to the
historical hydrographic data.
The differences between estimates of l1 from the

LOC and NODC datasets can be understood by consid-
eration of the WKB approximation (2.4). As shown by
the example vertical sections of density in Figs. 11a and
11b, the mean Gulf Stream is much broader and less
well defined in the NODC data than in the LOC data.
As a result, the vertically integrated N(z) and hence,
from (2.2), the WKB approximation of the gravity-WKBc1
wave phase speed, are weaker on the equatorward side
of the Gulf Stream in the isobaric averaged and heavily
smoothed NODC data (Fig. 11d). As expected from the

Chelton et al. 1998
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Figure 9: The time required for a first-mode baroclinic Rossby wave signal to cross
the North Atlantic Ocean. Computed as L (y) / ( (y)R2d (y)) , where L (y) is the ocean
width, andRd (y) is the zonal average first baroclinic mode deformation radius value from
Chelton et al. (1998). Despite the poleward narrowing of the ocean, the reduction in both
 and Rd greatly increases the adjustment time with latitude. Note that equilibrium times
would be far longer.
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Figure 10: The normalized difference(f/wE  Vg) / (|f/wE|+ |Vg|) in Sverdrups per
degree of zonal separation where the absolute value is less than 0.1 Sv and |wmin| <
108m/s. Regions of both signs of wE pass the test of sufficiently small values. No
equatorial singularity is seen seen as wE is taken to be its value at z = 117.5m and the
flow right at the equator is the absolute transport, not the geostrophic one.
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