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Since 1993, measurements from the TOPEX and Jason series of satellite radar altimeters have
allowed estimates of global mean sea level. These measurements are continuously calibrated
against a network of tide gauges. When seasonal and other variations are subtracted, they allow
estimation of the global mean sea level rate. As new data, models and corrections become
available, we continuously revise these estimates (about every two months) to improve their
quality.
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Nagamani et al. (2012) compared the satellite-derived TCHP with 1,294 collocated in
situ estimations over the north Indian Ocean and reported a RMSE (root mean square error)
of 16.6 kJ cm-2 with a correlation coefficient of R2 = 0.76. In addition to studying the
impact of SSHA as a proxy for TCHP, the direct impact of TCHP on Bay of Bengal Cyclone
Sidr was also analyzed. This cyclone, also known as Super Cyclonic Storm Sidr, was the
strongest named cyclone in the Bay of Bengal and is equivalent to a category-5 tropical
cyclone on the Saffir-Simpson Scale. Besides resulting in great loss of life and property, this
cyclone destroyed the Sundarwans, one of the most popular World Heritage sites. The
estimated time required for the mangrove forest to recover from a catastrophe like this is
approximately 40 years. In reviewing the development of this storm, a low pressure area
formed at 0300 UTC on November 11, 2007 over the southeast Bay of Bengal. This low
pressure system developed into a depression and then became a deep depression on the same
day (IMD 2008). The TCHP in this region was about 80 kJ cm-2 (Fig. 6). Moving in a
northwesterly direction, it intensified into Cyclonic Storm SIDR at 0300 UTC on 12
November. The storm eventually made landfall in Bangladesh and crossed the west coast of
Bangladesh at 1700 UTC on November 15, 2007. Though it passed over a low TCHP region
of 70 kJ cm-2 during its traverse across the Bay of Bengal, it passed over an area with high

Fig. 5 Impact of sea height anomaly (SSHA) and sea surface temperature (SST) on cyclone intensity (CI):
a cyclone track of May 10–19, 2003 Bay of Bengal cyclone superimposed on the SHA field during May
1–10, 2003, b same track as in a but SSHA field corresponding to May 10–19, 2003, c comparison of SSHA
and Cl (after Ali et al. 2007a)
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tracks is a lower bound as well (compare to Schlax and
Chelton [2003]), and the exact ratio has to be computed
from future data expected from the wide swath altimeter
mission of very high resolution numerical simulations.

4. Seasonal Changes of Flow Field

[32] A central topic investigated in this paper concerns
variations of the large-scale flow field on the annual time
scale. We investigate this question using JTP data, the
OSCAR data set, but also in situ data available form the
VOS Oleander providing Acoustic Doppler Current Profiler
(ADCP) measurements along a ship track repeated on a
regular basis between Bermuda and the mainland of the
United States.

4.1. Global Harmonic Analysis

[33] To investigate the annual cycle in the JTP flow field,
we averaged first the along-track velocity components in
2! ! 1! geographic boxes to reduce noise effects. Subse-

quently, we least squares fitted an annual harmonic indepen-
dently to each velocity component. The resulting amplitudes
of a geographically varying seasonal cycle in the zonal (u)
and meridional (v) components of the flow field, shown in
Figure 8, indicate enhanced amplitudes of annual changes
of the flow field along major current systems. We espe-
cially find high amplitudes in the u component all along
the low-latitude currents, which are modulated on the
seasonal cycle. In the Arabian Sea, the Great Whirl
(GW) is looming large [Schott and McCreary, 2001]. A
similar structure appears in the Gulf of Bengal associated
with the Sri Lanka Dome (SLD) [Vinayachandran and
Yamagata, 1998; Vinayachandran et al., 1999]. Amplitudes
of the annual cycle in the u component reach values bigger
than 10 cm/s in the equatorial Pacific, Kuroshio, and Agulhas
Current. Similar amplitudes can be found for the v compo-
nent in the Kuroshio and Agulhas Current.
[34] Phases of the annual harmonics of u and v compo-

nents, shown in Figure 9, reveal zonally coherent changes

Figure 7. (a) MKE computed from the Rio and Hernandez [2004] MDTP for each 2! ! 1! grid cell.
(b) Ratio of EKE from JTP (Figure 5a) and MKE, filtered with a 6! ! 4! running mean.

C02008 SCHARFFENBERG AND STAMMER: SEASONAL FLOW CHANGES OF THE OCEAN

10 of 29

C02008

Author's Personal Copy

2006). These eddies originate near the coast but often reach their
maximum amplitude well away from the coast, suggesting the
importance of baroclinic instability of the North Equatorial Current
(Farrar and Weller, 2006). The narrow peak centered at about 12!S
in the upper right panel of Fig. 10 is associated with eddies that are
generated between Australia and Indonesia and propagate west-
ward across much of the south tropical Indian Ocean (Birol and
Morrow, 2001; Feng and Wijffels, 2002; Nof et al., 2002). The nar-
row peak at about 38!S and the broader peak centered near 50!S
correspond to the Agulhas Return Current and the Antarctic Cir-
cumpolar Current, respectively.

A significant characteristic of the amplitude histograms in
Fig. 9b is that the distribution of the amplitudes of cyclonic eddies
in the southern hemisphere is more skewed toward large values
than for anticyclonic eddies. As a result, eddies with amplitudes
larger than 10 cm are preferentially cyclonic (see the bottom left
panel of Fig. 9b). This result is perhaps surprising in view of the
previously discussed fact that the eddies with the longest lifetimes
and the largest propagation distances are preferentially anticy-
clonic (Figs. 2 and 3). Amplitude is evidently not the sole factor that
determines the longevity of an eddy. A preference for large-
amplitude eddies to be cyclonic is expected from the gradient wind
effect of centrifugal force that pushes fluid outward in rotating
eddies (e.g., Gill, 1982), thus intensifying the low pressure at the
centers of cyclones and weakening the high pressure at the centers
of anticyclones. However, this cannot account for the differences
between cyclonic and anticyclonic eddies in the northern hemi-
sphere where there is a slight preference for anticyclonic eddies
for nearly all amplitudes (see the bottom left panel of Fig. 9a).
We are not able to explain this hemispheric difference in the
amplitude dependence on polarity.

4.2. Eddy scales

The characterization of eddy scale used here is the speed-based
radius estimate Ls, defined in Appendix B.3 to be the radius of a cir-
cle with area equal to that within the closed contour of SSH in each
eddy that has the maximum average geostrophic speed. This eddy
scale corresponds approximately to the radius at which the relative
vorticity within the eddy is zero. If the eddies had Gaussian shapes,
this would occur at a radius of 2!1/2Le, where Le is the e-folding
scale of the radial dependence r of a Gaussian profile of height h ex-
pressed in the form hðrÞ ¼ A exp !r2=L2

e

! "
.

We also investigated an alternative definition of eddy scale
based on a Gaussian approximation of each eddy. It is shown in

Appendix B.3, however, that estimates of the Gaussian e-folding
scale Le resulted in radii of corresponding maximum rotational
speed that were 64% smaller on average than the empirically deter-
mined radius Ls of actual maximum speed within each eddy. This
indicates that, while a Gaussian shape is a good approximation
for the average eddy profile over the inner 2/3 of the eddies (see
Section 5), the rotational speeds within eddy interiors are not well
represented by Gaussian approximations, at least not over their en-
tire interiors. The shapes of the observed eddies are examined in
detail in Section 5.

Histograms and upper-tail cumulative histograms of the radius
scales of the eddies are shown separately for cyclones and anticy-
clones in the top two panels of the middle column of Fig. 9a for the
northern hemisphere and Fig. 9b for the southern hemisphere. Un-
like the amplitude distributions in Fig. 9, there are no significant
differences between the distributions of the speed-based eddy
scale Ls for cyclones and anticyclones in either the northern or
the southern hemisphere (bottom panels of the middle columns
of Fig. 9a and b, respectively). The modes of both distributions oc-
cur at about 75 km (somewhat larger in the northern hemisphere
and smaller in the southern hemisphere). Globally, more than
90% of the tracked eddies had scales between 50 and 150 km. For
both eddy polarities, the mean values of Ls are 96 km in the north-
ern hemisphere and 87 km in the southern hemisphere.

The geographical distribution of the mean eddy scale (left panel
of Fig. 12) is characterized as an essentially monotonic decrease
from about 200 km in the near-equatorial regions to about 75 km
at 60! latitude in both hemispheres. This simple latitudinal depen-
dence is further evident from the relatively narrow interquartile
range of variability within each latitude band shown by gray shad-
ing in the right panel of Fig. 12. As previously found by Stammer
(1997) and Chelton et al. (2007) and others, this approximate fac-
tor-of-2.5 decrease in eddy scale is much smaller than the approx-
imate factor-of-25 decrease of the Rossby radius of deformation
over the same latitude range (Chelton et al., 1998), which is shown
by the dotted line in the right panel of Fig. 12. The large scales of
the observed mesoscale eddies compared with the Rossby radii
at middle and high latitudes are consistent with the up-scale trans-
fer of kinetic energy from a source with scales near the Rossby ra-
dius of deformation that is expected from geostrophic turbulence
theory (e.g., Kraichnan, 1967; Batchelor, 1969; Charney, 1971;
Rhines, 1975, 1979; Stammer, 1997; Scott and Wang, 2005).

There is a significant hemispheric distinction between the
distributions of eddy scale. For both cyclonic and anticyclonic
eddies, the distributions are less skewed toward large values in

Fig. 12. Map of the average speed-based radius scale Ls for eddies with lifetimes P16 weeks (left) for each 1! % 1! region. The right panel shows meridional profiles of the
average (solid line) and the interquartile range of the distribution of Ls (gray shading) in 1! latitude bins. The long dashed line is the meridional profile of the average of the e-
folding scale Le of a Gaussian approximation of each eddy (see Appendix B.3). The short dashed line represents the 0.4! feature resolution limitation of the SSH fields of the
AVISO Reference Series for the zonal direction (see Appendix A.3) and the dotted line is the meridional profile of the average Rossby radius of deformation from Chelton et al.
(1998).

D.B. Chelton et al. / Progress in Oceanography 91 (2011) 167–216 183
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Observations made by satellite altime-
ters since the 1980s have provided progres-
sively improved views of the global ocean 
mesoscale eddy field, which contains most 
of the kinetic energy of the ocean circu-
lation. Along with these improved views, 
ocean models have progressed from coarse-
 resolution, highly dissipative mesh grids to 
higher resolutions where mesoscale eddies 
dominate the model simulations. We are 
now able to produce simulations of the pres-
ent state of the ocean that compare increas-
ingly well with observations. However, the 
skill of these models in making long-range 
predictions of the ocean is still very limited, 
because the models lack a physically based 
representation of the submesoscales, i.e., 
scales of 1–100 kilometers, that are impor-
tant for turbulent transport and energy dis-
sipation. Ocean models running at sufficient 
resolutions to address submesoscale dynam-
ics have just recently begun to emerge [e.g., 
Capet et al., 2008], but we need global obser-
vations at these scales to guide the model 
development.

Conventional Radar Altimetry

Conventional nadir-looking radar altim-
eters have a footprint of the order of 2–10 
kilometers. Even with thousands of pulses 
averaged over 1 second, the noise level of 
the sea surface height (SSH) measurement 
is substantial, making ocean SSH signals at 
wavelengths less than 100 kilometers not 
well observed. A typical wavenumber spec-
trum of SSH deviations from a time mean, 
sampled along a satellite pass (from the 
joint NASA/Centre National d’Etudes Spa-
tiales Jason mission) from the Bering Sea to 
the Drake Passage in the Southern Ocean, 
is shown in Figure 1. At wavelengths lon-
ger than 100 kilometers, the power density 
increases with wavelength, a characteris-
tic typical of large-scale ocean variability. 
The spectral slope levels off at wavelengths 
shorter than 100 kilometers, showing the 
dominance of measurement noise at the sub-
mesoscales. When such noisy measurements 
along nadir tracks are smoothed and merged 
to produce two- dimensional maps, the spa-
tial resolution is of the order of 200 kilo-
meters, even with combined data from two 
altimeters [Ducet et al., 2000].

Wide-Swath Altimetry

The technique of radar interferometry, 
demonstrated by NASA’s Shuttle Radar 
Topography Mission to map the world’s land 
topography, offers an approach to mapping 
SSH at high spatial resolution over a finite 
swath. Fu and Rodriguez [2004] discussed 
the prospects of applying this technique 

for oceanographic applications, and Als-
dorf et al. [2007] discussed its prospects for 
hydrological applications. The U.S. National 
Research Council’s Decadal Survey in 
2007 recommended that the concept of a 
wide-swath altimeter for studying both the 
oceans and land surface waters, called Sur-
face Water and Ocean Topography (SWOT), 
be flown on a satellite mission in 2014–2016.

A group of oceanographers and satellite 
mission designers met at the Scripps Insti-
tution of Oceanography, in La Jolla, Calif., 
on 28–30 April 2008 to discuss the feasibil-
ity and requirements for SWOT to measure 
the oceanic submesoscale. SWOT will carry 
two synthetic aperture radar (SAR) anten-
nas, each of which illuminates a swath of 
60–70 kilometers with an incidence angle 
of approximately 4º. The backscattered sig-
nals are received by both antennas. The 
radar’s precision timing system determines 
the range of the returned signals, while 
the phase difference between the signals 
received by the two antennas allows the 
determination of the incidence angle of the 
returned signals via the principle of interfer-
ometry. Once the range and incidence angle 
are known, SSH is calculated from triangula-
tion. Because the spatial resolution of SAR 
is of the order of a few tens of meters, there 
are a large number of independent obser-
vations at scales of 1–100 kilometers. The 

measurement noise can be significantly 
reduced by averaging.

What It Takes to Make Significant Advances

To make an order of magnitude advance 
in resolution, the measurement noise level 
must be less than the magnitude of the 
ocean signal at a wavelength of 10 kilome-
ters, as shown by the horizontal dashed 
line in Figure 1, in which the SSH spectrum 
is extended from its linear portion by a 
straight line to wavelengths of 10 kilometers. 
The threshold of noise level corresponds 
to 1 centimeter of random error at a sam-
pling rate of 1 kilometer, compared with the 
noise of 5 centimeters at a  1-kilometer sam-
pling rate for the Jason altimeter. This per-
formance in SSH measurement translates to 
a geostrophic velocity error of 3 centimeters 
per second at a  10-kilometer wavelength at 
45º latitude. The two- dimensional SSH map 
from SWOT would then allow the study of 
the submesoscale ocean eddies, fronts, nar-
row currents, and even the vertical velocity 
at these scales.

Potential Breakthroughs
in Ocean Dynamics and Biogeochemistry

Global observations of the oceanic sub-
mesoscale are essential to quantifying 
ocean uptake of climate- relevant tracers 
such as heat and carbon. Tracers are trans-
ported into the ocean by large-scale mean 
circulation, as well as by mesoscale and 
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Fig. 1. Spectrum of sea surface height anomaly from Jason altimeter data (curve). The two slanted 
dashed lines represent two spectral power laws with k as wavenumber. The horizontal dashed 
line represents the threshold of measurement noise at a  1-kilometer sampling rate. The slanted 
solid straight line represents a linear fit of the spectrum between 0.002 and 0.01 cycles per kilo-
meter. It intersects with the threshold noise level at the  10-kilometer wavelength.
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