subtracting the bucking motion of the boat
and extracting the shifting ocean surface from
7 terabytes of data. The group has taken only
a preliminary look at the water shortly before
the cyclone hit, but nonlinear focusing
appears to have played a key role in wave
formation that day. Onorato has also begun
checking if the LDT framework sinks or
swims in the Antarctic seas. “It looks very
promising,” he said.

Sailors facing an imminent storm don’t have
years to study the growing waves around
them, but the new framework represents
small steps toward the long-term goal for
rogue wave prediction — machinery that
scans the ocean and sounds the alarm when
it’s time to batten down the hatches. LDT
tools, once they’re modified for the open
ocean, could be one way for those on boats
like the Miinchen to know the moment a
rogue wave starts focusing.

“Before, you had this mythological monster
that could be anything and everywhere.”
Athanassoulis said. “Now you have this
picture, you have these fingerprints, and you
know what you're looking for.”

Editor’s note: Onorato has received funding
from the Simons Foundation, which also
funds this editorially independent magazine.
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[A rogue wave and a sailboat.] Rogue waves
long lived only as sailor lore. Hard evidence of
their existence has come only in the past few
decades.

[Rogue wave at sea.]

This rogue wave was spotted in the Atlantic
ocean off the coast of North Carolina.

Some researchers, like Fedele, think the
traditional method can be salvaged. In 2016
research, he and his colleagues concluded that
modifying wave equations to include pointed
crests and rounded troughs — as opposed to
treating them all as smooth sinusoidal curves
— is enough to explain all ocean waves.

Others, however, hold that the most extreme
waves form from less straightforward
behavior. In wave tanks, for instance, when
one wave travels right next to another of
similar length, energy leaks from one to the
other. The individual swells affect one another
in complicated nonlinear ways, as captured in
the nonlinear Schrédinger equation,
oceanography’s bread-and-butter wave
model. (Its apparent connection to quantum
theory is not incidental — subatomic particles,
after all, behave like waves.) The equation is
impossible to solve perfectly in most cases,
but numerical explorations have revealed that
when the conditions are right, waves actively
gather of their own accord. “They have the
tendency to conspire to create something big,”
Vanden-Eijnden said.

But could this effect, known as nonlinear
focusing, have sunk the Miinchen? Linear-
wave supporters such as Fedele say no. Waves

in tanks are confined, they argue, but waves in
the open ocean spread out before they can
congregate. Other researchers say we don’t
yet know the real ocean well enough. Certain
winds may mimic the conditions in wave
tanks, they say, creating rogue wave breeding
grounds.

Lucy Reading-Ikkanda/Quanta Magazine

In the real world, both mechanisms could be
relevant. “We came to the conclusion, after
evaluating hundreds of papers, that the
dominant mechanism at play depends on the
situation,” said Amin Chabchoub, a wave
physicist at the University of Sydney who co-
authored a review of the debate last fall.
Linear addition explains some rogue waves,
but it underestimates their likelihood in
special circumstances, where nonlinear
approaches appear to work better. In some
cases, both mechanisms may conspire to push
waves to impossible heights.

Now researchers may not have to figure out
which mechanism is responsible. Vanden-
Eijnden and his colleagues have developed a
one-size-fits-all statistical framework, which
they published in December in Physical
Review X. It predicts the probability of
encountering any rogue wave, regardless of
how it came to be. “There’s no restriction to a
linear model, or to a nonlinear propagation
model,” or to any model you can imagine, said
Ton van den Bremer, a fluid dynamicist at the
University of Oxford who was not involved in
the research. It could be “a man riding on a
donkey. It doesn’t matter.”

The Universal Wave
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