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EDWARD LORENZ REVISITING THE
LIMITS OF PREDICTABILITY AND
THEIR IMPLICATIONS

An Interview From 2007/

BY ROBERT W. REEVES

In what was probably his last interview, Edward

Lorenz suggested that his closest colleagues

immediately understood the implications of his
1963 study of the limits-of-predictability.

ore than 50 years ago, Massachusetts Institute

of Technology (MIT) Professor Edward Lorenz

conducted some numerical experiments with
a simple 12-variable system representing convective
processes. He had begun work on a statistical forecast-
ing project, but disagreed with some of the thinking
at the time—in particular, that the primarily linear
statistical methods could duplicate what the nonlinear
methods achieved. He proposed to demonstrate this by
performing numerical time integrations of his simple
model with his newly acquired desktop computer. On
one occasion he wanted to reexamine the results from
an earlier simulation. Rather than rerun the simula-
tion from the initial state, he decided to pick up the the printout from the earlier run as the starting point.
computations partway into the original run by using To his astonishment the new simulation diverged
significantly from the original. Eventually he realized
that the initial values he used for the second simulation
were rounded off from the initial run so that the initial
values of his second run were slightly different. The
minor differences at initialization were magnified later
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for the primary purpose of eliciting his views.
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THE INTERVIEW.

R.R.—It’s Tuesday, 6 November 2007. I am with
Emeritus Professor Edward Lorenz from MIT.
Professor Lorenz I would like to ask you to discuss
your activities and views related to the topic of
extended and long-range prediction. Your numerical
experiments in the early ‘60s, which you published
in ‘63 entitled “Deterministic Nonperiodic Flow,”
suggested that there are practical limits to weather
prediction. But before we go there I'd like to ask you
to go back to the time that you came to MIT and some
of the topics you were working on at that time.

E.L.—I came here shortly after we got involved in
World War I1. I signed up for the meteorology program
at MIT, which was part of the Army Air Corps there.
At that time MIT was a nice convenient place for me
because I was at Harvard and I didn’t have to move
until the Army decided to move us all under the same
place. But for the first month or so I kept on living
at Harvard and the course was the regular graduate
course in meteorology at MIT, except it was crowded
into a shorter period. So, I studied meteorology in the
course, and after that I was one of five students out of a
hundred that they kept here as instructors for the next
course. I think there were nearly 400 at that time taking
it and stayed on for the next session after that. I was in
the third so I taught in the fourth and fifth, and after
that they stopped the teaching program. They found
they had more meteorologists than they needed and a
lot of them were being assigned to other duties at that
time because they had trained too many.

R.R.—So you were teaching cadets then?
E.L.—Iwas teaching cadets—yes mostly cadets. I guess
there were other people taking the course at the same
time. A few civilians and some Navy and they were
all together.

R.R.—Were you in the Ph.D. program at the time?

E.L.—No. Although I was in a master’s program. When
we stayed on as instructors, they gave us an option to do a

master’s thesis at the same time. We got a master’s degree.
But it was after the war and I got into the Ph.D. program
and after about a year and a half 1 finally got my Ph.D.

R.R.—And then you were working on angular mo-
mentum problems?

E.L.—Well no, not at that time. This was after Victor
(Starr)' came and after I got my degree. I needed a
job, of course, and they offered me one working with
Victor Starr as a postdoc. He was very much interested
in angular momentum. So that’s when I got involved
with that.

R.R.—How did you get started in the studies that
ended up related to the limits of predictability?

E.L.—What happened was that at the same time there
was a program which I didn’t know much about in
statistical weather forecasting here which Tom Malone*
was directing, and Tom left to form and head up the
Travelers Weather Service in Hartford. So they offered
me his position, which I accepted. And along with his
position I also inherited his project. I had to learn some-
thing about statistics, so I got involved with statistical
weather forecasting. And a lot of the things they said
about it were current knowledge of statistical weather,
which I didn’t quite agree with. One was that most of the
statistical methods then were primarily linear methods
and I didn’t agree with the idea that linear methods
could almost duplicate what the nonlinear methods
were able to do, so I proposed a test where we could
get extensive solutions. Computers were just coming
in then, and we wanted to get some small system—any
nonlinear system would do—to generate some extended
solutions, and treat them as if they were observational
data. Then we could see if we were able to forecast them
by linear methods, knowing that we could forecast by
nonlinear methods just by repeating the computations
that produced the solution in the first place. This led
to a number of things: I soon found that it wasn’t easy
to get nontrivial solutions; we could numerically solve
for periodic solutions, which was where the prediction
was trivial anyway. I finally managed to produce one,

! Victor Starr (1909-76) was associated with MIT as researcher and faculty member from 1947 until his retirement in 1976. He

was best known for his studies of the general circulation of the atmosphere. He was among a select few scholars at the first

conference on numerical weather prediction at the Institute for Advanced Study in Princeton in 1946.
2 Thomas Malone (1917-2013) received his Ph.D. in 1946 and joined the faculty at MIT. He was editor of the Compendium of
Meteorology—a major assessment and status of the science at midcentury. Malone left MIT to establish the Travelers Weather

Center and eventually became a vice president at Travelers Insurance Company. He became involved in many planning and

implementation efforts, national and international, from the establishment of the National Center for Atmospheric Research to

plans for the Global Atmospheric Research Program, and many environmental concerns from pollution to global climate change.
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which was what I wanted, that definitely appeared to be
nonperiodic. It was a 12-variable model and that was
essentially the first one that I worked with, although
I got the idea that sufficiently long-range prediction
would be impossible if the atmosphere behaved in the
way that the model did.

R.R.—So you had just run one time integration then,
is that right?

E.L.—The difficulties were in finding a suitable system
of equations to work with because if I had known exactly
what equations to choose in the first place, and exactly
what initial states to take in order to get this nonperiodic
solution, I probably could have done the whole thing
in a couple of months or so with hand computations,
which is about the same time it would take to write up
the thing afterward for publication. So it wouldn’t have
taken much more time, but the problem of course is
that I had to make many, many tries with many differ-
ent systems. Even if 'd had the right system I wouldn’t
know if I had initial conditions that didn’t work very
well. It’s not just a matter of initial conditions, but
once we have the general form of the equations, you
have the numerical value of the constants. Some con-
stants will produce what we now call chaotic behavior
and some won’t. So it meant trying out an enormous
number of things, more than I ever could possibly have
gone through without the computers. So this type of
work had to wait until computers were available. So
it’s the kind of thing that we couldn’t have imagined in
the 50s, let’s say, or before then. Although computers
existed by then they weren't so sufficiently common to
be used for this particular purpose—they were usually
earmarked for something else. But by 1960—I guess it
was about 58 or 59, I finally got my own computer for
the office—a little LGP (Librascope General Purpose)
computer about the size of a regular desk, and it was
ideal for these purposes because it was still a thousand
times as fast as hand computations and fast enough to
handle these small systems that I worked with. Then
with the 3-variable model I finally used in the writeup
in 63, I felt I could make things a little clearer and get

the points across better by using a smaller model than
the 12-variable model. I spent some time looking for
a model with fewer variables, and I finally found this
one that Saltzman® had been working with. He had his
7-variable model but he showed me one case that first
of all wouldn't settle down to a periodic solution, which
was what he was interested in; and second, four of the
seven variables stayed close to zero, which suggested
that the other three were keeping each other going; and
if I reduced it to those three it would behave the same
way, which it did.

R.R.—Washea student of yours then, Barry Saltzman?

E.L.—He was actually a student of Victor Starr’s. But
he took some of my courses and I knew him quite well.
I saw him quite often afterward up until the time he
died.

R.R.—So now you ran that model and published the
results in 1963. Is that right?

E.L.—Yes.

R.R.—Did you realize the implications of your work
at that point?

E.L.—I never really expected them to spread to so
many other fields. I think I realized the implications
for meteorology and some meteorologists didn’t quite
agree with what I had to say, but fortunately Charney*
did. And he was in a very influential position then.
This was at the beginning of the Global Atmospheric
Research Program (GARP),” and one of the original
aims of GARP had been to make two-week forecasts,
and this suggested that they might be proved impossible
before we even got started. So we were able to change
the aim to investigate the feasibility of two-week fore-
casts, not promising that they would be possible. Now
it begins to look as if the upper limit may be somewhere
around two weeks, and I get the feeling that another 20
years or so we may actually be making useful day-to-
day forecasts up to the two-week range, though I don’t

* Barry Saltzman (1931-2001) was a professor of geology and geophysics at Yale University. His contributions included studies

of the wavelike oscillations in the jet stream, the maintenance of the jet stream and trade winds, and the origin and develop-

ment of winter storms.

* Jule Charney (1917-81) was perhaps the most important figure in the development of numerical weather prediction. With

John von Neumann and others at the Institute for Advanced Study in Princeton, he ran the first successful 24-h numerical

integration of the 500-mb geopotential height.

> GARP was a 15-yr international research program. It began in 1967 and organized important field experiments including
the GARP Atlantic Tropical Experiment in 1974 and the Alpine Experiment (ALPEX) in 1982. Its field experiments led to

major improvements in numerical weather prediction.
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think we are doing it now. But we got up to one week,
which I didn’t really expect at the time.

R.R.—So Charney was a believer right away?

E.L.—Yes. He said he saw why it worked that way. And
I think his ideas there are pretty well expressed in this
report he wrote, which was subsequently published in
the (AMS) Bulletin. It was called “the feasibility of
global observational analysis experiment” or similar
title.® I think it was published in the Bulletin in ‘66.
It may have been a published report in ‘64 or 65, or
around that time. That pretty well represents his feel-
ings on the subject. It was his whole committee that
published it. I think there were five authors.

R.R.—Was Smagorinsky” in on that?

E.L.—I'm not sure he was on that actual committee
or not. Of course he was very much involved in this
type of work.

R.R.—General circulation model (GCM) experiments.
E.L.—Yes.

R.R.—And becoming a believer himselfin the limita-
tions, do you think?

E.L.—I think so.

R.R.—There were others who were either skeptical or
didn’t want to believe.

E.L.—Well, I guess they felt that this was a simple
system of equations, and that the real atmosphere
didn’t behave that way. In fact I had one person tell me,
point blank, that the reason I was getting this irregular
behavior was because of the numerical scheme. That
the equations didn’t actually act that way, which
of course we couldn’t really prove not being able to
solve the equations by standard analytic methods. It
seems quite definite that it’s the equations and not
the numerics.

R.R.—Who was that person, do you remember?

E.L.—Yes . .. I probably shouldn’t mention him. I
wouldn’t want to put him at a disadvantage, because
he has since changed his ideas on that.

R.R.—People are free to do that. I noticed that in one
of your papers you credited Arnold Glaser® with sug-
gesting that maybe the smaller scale would . ..

E.L.—Yes, he mentioned that to me back in the ‘50s. He
was here at the time. I guess he was here as a student a
long time before I got involved in meteorology. Then he
came back afterward and got his doctorate here. Died
rather prematurely.

R.R.—So then you published a number of papers
after that and were conducting further experiments?
Were you at that point trying to nail down the limits
of predictability, so to speak? Or were you just doing
other things?

E.L.—Well, I was hoping to get a better idea what the
limits were because this simple model said there were
limits but it didn’t tell you whether they were a week
or year or what. I don’t know whether I expressed it
just right or not.

R.R.—The question is where did the world of applied
math go—when did they eventually pick up on some
of the things that you were doing back in the ‘60s or
did they not?

E.L.—I find this a little hard to answer. Sometimes I
had the feeling the applied mathematicians were ahead
of us. I know that there were applied mathematicians
at MIT—such as Will Malkus® and some of the others
who were very much interested in fluid dynamical
programs that certainly were as well versed in fluid
dynamics as any meteorologist I guess, and I don’t
know exactly when they got interested in this particu-
lar thing. They may always have been but I remember
Willem Malkus told me at one time that he didn’t think
the way I had done this paper was the way to go about

¢ Charney et al. (1966).

7 Joseph Smagorinsky (1924-2005) was known for his work on general circulation models. He was a participant on the develop-

ment of the first numerical prediction model at the Institute for Advanced Study. He was the Director of NOA A’s Geophysical

Fluid Dynamics Laboratory.

8 Arnold Glaser was one of the pioneers in satellite meteorology. He was technical advisor during the Barbados Oceanographic
and Meteorological Experiment (BOMEX) in 1969, and was deputy director of the analysis project that followed BOMEX.
°® MIT Professor Emeritus Willem Malkus (1924?-) was a physical applied mathematician concentrating on problems in thermal

convection, magnet hydrodynamics, and geophysical fluid dynamics.
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things. But then this turned out to be because he was
interested primarily in the phenomenon of convection
rather than some of the other things. I finally persuaded
him that I wasn’t concerned at all whether this equa-
tion really represented any physical phenomenon very
well or not; it was simply the fact that equations could
do it and not that the equations of some particular
phenomenon could do it. And I guess he agreed pretty
well after that.

R.R.—Can you say something about your own back-
ground in math and how that encouraged you?

E.L.—I majored in math in college and then I went to
Harvard and I'd had almost three and a half years of
grad study there and I was expecting to get a Ph.D. in
another half year or so if everything went well when
we got involved in the war. They didn’t see fit to let me
finish out anyway and since I'd always enjoyed the
weather, signing up for meteorology would be a good
thing. I didn’t have any idea then that I would stay in
meteorology afterward. I assumed I'd eventually get
back in mathematics. And in a way I wanted to. So
once I got into this work in the late 50s, I felt that I
was getting back into the mathematics by doing this.

R.R.—And coming at it from a different point of view
than we meteorologists?

E.L.—Yes. Any of the mathematics that I did in my
meteorology work wasn’t related to the same problems
at all that I'd looked at as a mathematics student. I'd
never thought about dynamical systems at that time.
This is something that came up later.

R.R.—So was it more practical applications then—
getting into meteorology?

E.L.—I finally decided after studying enough math
that what really interested me was algebra and I was
going to write a thesis in algebra.

One can look at this predictability problem, if you
want to call it that, from different points of view. One
method is to solve for the analog method, look at the
data, and if one could find a weather situation that
was enough like a previous one then we could see how
rapidly the development after the one would depart
from the development after the other. That would give
some idea of the limit of predictability. I published a
paper on that in the Journal of Applied Meteorology
I think."® What turned out of course was that it was

"Possibly Lorenz (1973).
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impossible within the amount of data available to get
any two situations which looked very much alike, at
least globally and hemispherically, or we might get
some that looked very much alike say over the eastern
half of the U.S. that you could always argue that if
they behaved differently, that was because of different
influence somewhere else rather than because of any
instability there, so it wouldn’t tell you much. So what I
really thought I needed were situations that were alike,
if not over the globe, at least over the hemisphere, and
I took five years of data and comparing each map with
each other map. At least comparing those that occurred
within a month of the same time of year, because you
wouldn’t expect that fall maps and midwinter maps
would be much alike anyway, and hoping maybe I
could find a few cases where the difference between
them or some measure (say rms difference) between the
two fields was only half of that between two randomly
chosen fields. But the best that I found of these few
hundred thousand comparisons was one case I think
where it was 62%. It didn’t seem like a very good analog
somehow but it was enough to write about.

R.R.—So that was a frustrating experience trying to
find analogs. Did you think ahead of time it was going
to be tough to do?

E.L.—When I started I expected to find better analogs
than actually appeared there. The upper-air data
record had not been in existence for very long then so
it was difficult to find suitable analogs. If we repeated
the study now we’ve got a much longer record, perhaps
five times as long, and have a better chance since you’re
comparing everything to everything else. That would be
25 times as many cases to look at and I guess I estimate
to have a good chance of finding two analogs—two
maps—where the difference is only half of the aver-
age difference between any randomly chosen maps.
One would need 140 years of upper-level data and we
haven’t got that yet. But we’re getting close to half of it.
The first thing I would say is that current numerical
prediction output are much better than I ever thought
they would be at this time. I wasn’t sure they would ever
get as good as they are now—certainly not within my
lifetime. So, this makes me think that they can become
still better and makes me hopeful that we may actually
get good forecasts a couple of weeks ahead some time.
Istill don’t hold much hope for day-to-day forecasting
a month ahead. Two weeks ahead doesn’t seem unrea-
sonable at all now even though we haven’t reached that
point. And . . . I gather that a lot of the improvement
has been from the improvement in initial conditions,
and in turn, improvement in data assimilation meth-
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ods. I'm still surprised, although it has been known for
a great many years now, that so much of the total time
in numerical forecasts is spent on the data assimilation
rather than on the actual forecasting, even when you
make an ensemble forecast of 50 members or so. Still
an enormous amount of the time is actually the data
assimilation time. And I'm convinced that there will
someday be better methods of data assimilation which
incorporate the nonlinearity better than we are able to
now in the assimilation process. I don’t know just what
they are—every time I look at the thing and try to see
if I can learn something new I get discouraged pretty
soon. I haven’t come up with anything.

R.R.—So you have at least been thinking about that
problem?

E.L.—I think the meteorological community accepted
the idea of limitations to the forecasts. Of course, the
idea wasn’t new then. You can find it quite strongly
expressed in some of the earlier papers. Particularly one
of the papers by Eady" around 1950 where he points
out that that any forecast given is just one member of
a large ensemble of possible forecasts and we have no
real reason for selecting among those.

R.R.—And he was saying that in 1950?

E.L.—He was saying that early. I think he was as
advanced as any meteorologist at the time, and it
was certainly a tragedy that he didn’t live longer. I
remember thinking of him as a somewhat older meteo-
rologist but actually I think he was about my age. So
he must have died when he was in his 40s. And other
people have expressed similar views even earlier. But
sometimes these are almost taken as jokes saying that
someone sneezing in China will cause a snowstorm
in New York. You can find that way back, at least to
the early 40s, but maybe before that. You must know
Jim Fleming.'> He found one thing around 1915 in
the Monthly Weather Review where there was refer-
ence to possible effect of some insects on the weather.
It was someone by the name of Franklin (1918) who
was actually at MIT, although I don’t think he was a
meteorologist. But he did write about this thing in the

"Eady (1951); Eric Eady, British meteorologist was well known
for his studies on baroclinic instability, cyclone development,
and predictability.

James R. Fleming (1949-) is a historian of science and tech-
nology and Professor of Science, Technology, and Society
at Colby College, Maine. Reference to Franklin in Fleming
(2010, 84-85).
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Monthly Weather Review. And he pointed out the pos-
sibility of this large amplification of small influences. I
do think that the meteorology community accepted it
pretty well, perhaps partly because of Charney’s influ-
ence. And proliferation to other fields of the ideas of
chaos did not come until another 10 years or so after
that and was unrelated to any feelings the meteorology
community might have had.

R.R.—Okay. Professor Lorenz, thank you for sharing
your work with us.

E.L.—Well, I'm glad I've had a chance to talk with you.

CONCLUSIONS. The interview has provided
insights into how Lorenz stumbled onto his seminal
work. He inherited a project that required he learn
statistics, which led him to statistical weather fore-
casting, while his foundation in mathematics led him
to question current thinking. He was able to prove
his theory that linear statistical methods could not
duplicate what a system generating nonlinear solu-
tions could achieve. While his first numerical inte-
grations were conducted using a 12-variable model,
his landmark 1963 paper (Lorenz 1963) only used a
3-variable model, and in this interview, Lorenz gives
us his path to choosing the simpler model. Lorenz
also believed that improved initial conditions and
data assimilation methods have led to the skill we see
today in NWP, and he was hopeful that good forecasts
out to two weeks are possible.
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Edited by Melvyn A. Shapiro and Sigbjern Grenas

Containing expanded versions of the invited papers presented at the International Symposium on the Life
Cycles of Extratropical Cyclones, held in Bergen, Norway, 27 June—1 July 1994, this monograph will be
of interest to historians of meteorology, researchers, and forecasters. The symposium coincided with the
75th anniversary of the introduction of Jack Bjerknes’s frontal-cyclone model presented in his seminal
article, “On the Structure of Moving Cyclones.” The monograph’s content ranges from a historical overview
of extratropical cyclone research and forecasting from the early eighteenth century into the mid-twentieth
century, to a presentations and reviews of contemporary research on the theory, observations, analysis,
diagnosis, and prediction of extratropical cyclones. The material is appropriate for teaching courses in
advanced undergraduate and graduate meteorology.

The Life Cycles of Extratropical Cyclones is available for $75 list/$55 members.
To order, visit www.ametsoc.org/amsbookstore, or see the order form at the back of this issue.
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