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gold antennas with a V shape; they varied the 

scattering of light by changing the length of 

the arm and the angle and the orientation of 

these “V’s.” The phase difference between the 

scattered and incident fi elds is tailored over a 

small distance along the light’s path, that is, 

the structures are optically thin.

Yu et al. printed planar arrays of such 

V-shaped nanoantennas in suitably designed 

patterns on a silicon wafer and demonstrated 

several intriguing light-bending scenarios at 

these metasurfaces, including unconventional 

refl ection and refraction angles, total internal 

reflections with two critical angles (rather 

than only one), and refl ected light becoming 

evanescent (diminishing in amplitude with 

distance away from the interface, rather than 

propagating) at certain angles. None of these 

effects are predicted from the conventional 

Snell’s law, but they do follow a generalized 

version derived by the authors that allows for 

desired variations of the change of phase on 

the interface.

These arrays of nanoantennas, which 

could include movable sections, could be 

used to design photonic components such as 

lenses and mirrors that are ultrathin, confor-

mal (angle-preserving), and even deform-

able. Reconfigurable couplers and wave-

guides, which could be driven by electric, 

magnetic, or optical stimuli, may be envi-

sioned that could guide and mix light beams 

through almost arbitrary paths chosen along 

a surface. Yu et al. have also created optical 

vortices with orbital angular momentum ( 6) 

by impinging a beam at normal incidence on 

the specially designed planar metasurface of 

these V-shaped nanoantennas. Such vortices 

could fi nd use in applications such as opti-

cal tweezers.

Metasurfaces ( 7) are the planar version 

of metamaterials that are engineered to con-

trol and tailor the light interaction in uncon-

ventional ways (for example, creating mate-

rials with optical band gaps that completely 

refl ect light over a given frequency range). 

In the three-dimensional metamaterials, it 

can be diffi cult to engineer a structure that 

maintains its designed performance and 

avoids performing like a bulk material. Meta-

surfaces may offer advantages in this regard 

because their constituent resonant elements 

are all distributed in a planar surface and 

more readily assembled. This type of two-

dimensional structure will add another tool 

to the fi eld of transformation optics ( 8,  9), in 

which a prescribed change (such as a phase 

shift or amplitude variation) is designed into 

the light path for applications such as cloak-

ing, or where metasurfaces are used to creat-

ing highly confi ned cavity modes ( 10,  11) of 

potential interest in quantum optics. 
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Bending light, big and small. Several mechanisms for bending light are depicted. The optical structures 
shown in (A) and (B) are much larger than the wavelength of light. In (A), an interface between two media 
with two different indices of refraction bends light. In (B), light is bent by a material that gradually changes 
refractive index with distance. Yu et al. caused the bending of light in unusual ways (C) with thin metasur-
faces. These metasurfaces contain distributed arrays of gold nanoantennas (D) that are smaller than the 
wavelength of light. In such arrays, the proper patterns of phase changes created by resonant nanostructures 
lead to bending effects not anticipated by conventional laws of refl ection and refraction in optics.
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          T
he advent of satellite-based remote 

sensing of ocean color in the late 

1970s ( 1) provided the first large-

scale views of chlorophyll distributions in 

the upper ocean. These distributions are 

a proxy for the biomass of phytoplankton, 

which drive oceanic productivity. More 

recently, ocean color measurements have 

been combined with satellite data on sea-

surface height (SSH) and other physical 

properties of the ocean to elucidate the pro-

cesses that regulate primary production in 

the sea. On page 328 of this issue, Chelton et 

al. ( 2) further advance this fi eld by showing 

that ocean eddies exert a strong infl uence on 

near-surface chlorophyll.

Initial comparisons ( 3,  4) of satellite 

ocean color measurements and SSH data 

showed that some of the variability in ocean 

color was associated with large-scale SSH 

patterns that propagate westward in extra-

tropical latitudes. The authors attributed 

these patterns to planetary or Rossby waves, 

which are freely propagating modes of large-

scale variability in the ocean. Four basic 

processes have been proposed to explain 

the observed relations, including lateral 
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advection of the mean chlorophyll gradi-

ent, uplift of the deep chlorophyll maximum 

into the surface layer, enhancement of phy-

toplankton biomass stimulated by upwelling 

of nutrients, and accumulation of material 

in convergence zones within the planetary 

wave fi eld ( 5– 7).

These early studies focused on large-

scale signals characteristic of Rossby waves 

by processing the satellite measurements 

with scale-selective fi lters. This processing 

was intended to remove seasonal variability 

as well as the effects of mesoscale (tens to 

hundreds of kilometers) eddies—ubiquitous 

features of ocean circulation (sometimes 

referred to as the internal weather of the sea) 

that result from both direct forcing and inter-

nal instability processes.

Merging data from multiple satellite mis-

sions led to altimetric data sets ( 8– 10) with 

higher resolution than used previously, but 

it remains diffi cult to differentiate between 

Rossby waves and eddies in the merged data 

sets. Single Rossby waves (see the fi gure, 

panel A) are rarely if ever observed in the 

ocean, but superposition of multiple Rossby 

waves can result in eddy-like features (panel 

A, inset) that are similar to the patterns seen 

in altimeter data (panel B). However, plane-

tary waves and eddies have different degrees 

of nonlinearity: Nonlinear eddies trap fl uid 

inside them, whereas linearly propagating 

wavelike disturbances do not. The degree 

of nonlinearity can be estimated as the ratio 

between an eddy’s swirl velocity and its 

translation speed.

Previously, Chelton and co-workers used 

this insight to show that mid-latitude SSH 

variability is dominated by westward-prop-

agating nonlinear eddies, and developed 

automated tracking algorithms to compile a 

global synthesis of eddy trajectories ( 9,  10). 

Chelton et al. have now overlaid those eddy 

tracks on the westward-propagating signals 

previously attributed to Rossby waves in 

the fi ltered SSH and ocean color data. The 

results strongly suggest that eddies are driv-

ing these signals ( 2).

How might mesoscale eddies masquer-

ade as larger-scale Rossby waves? Due to 

the latitudinal dependence of the effects of 

Earth’s rotation, both types of features move 

westward at roughly the same speed. More-

over, Chelton et al. show that the statisti-

cal properties of a patchwork of westward-

propagating eddies are qualitatively similar 

to those expected for Rossby waves. This 

observation explains why eddies can pass 

through the filters intended to eliminate 

them in earlier studies.

Chelton et al.’s fi ndings require reassess-

ment of the underlying mechanisms used to 

explain satellite observations of variability in 

SSH and upper-ocean chlorophyll. Although 

the same four basic processes of biomass 

modulation mentioned above for Rossby 

waves remain valid for eddies, lateral advec-

tion of the mean chlorophyll gradient is the 

dominant mechanism revealed in Chelton et 

al.’s analysis. However, the relative impor-

tance of each of the four processes can vary 

with oceanographic regime and scale, rang-

ing from the mesoscale down to the submeso-

scale ( 11– 13). At present, submesoscale fea-

tures are not resolved by operational remote-

sensing technology for SSH.

Although higher-resolution data are 

expected in the future for both SSH and 

ocean color, in situ observations will con-

tinue to be critical for those variables that 

cannot be measured from space. Moreover, 

because near-surface waters are depleted in 

nutrients over large areas of the mid-lati-

tudes, key aspects of the biological response 

to physical perturbations take place too deep 

to be detected by satellite ocean color imag-

ery ( 14). Although Chelton et al.’s results 

must be interpreted with that caveat, their 

fi ndings constitute a key step forward in our 

understanding of physical-biological inter-

actions in the ocean, with important rami-

fi cations for both ecosystem dynamics and 

biogeochemical cycling. 
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Rossby waves and eddies. (A) A model of a single Rossby wave propagating 
through a still ocean leads to a highly regular sea-level anomaly pattern. If sev-
eral such waves are superposed, an eddy-like pattern results (inset) ( 15). (B) 
Mapped observations ( 16) of sea-level anomaly for a region of the western North 

Atlantic on 17 June 2005. Satellite ground tracks are shown as dotted lines. 
Although the patterns seen in the altimeter data resemble those of the super-
posed Rossby waves, Chelton et al. show that they are in fact caused by nonlinear 
mesoscale eddies.
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