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Abstract

Nonlinear prediction is applied on atmospheric observations in order to derive seasonal to interannual
predictability over the Northern Hemisphere. Using ideas from information theory we were then able from the
spatial distribution of predictability to discover the exact location of corridors where “information” flows from the
tropics to the midlatitudes. Here, information can be thought as a product or output of a physical entity such as El
Nifio or some other activity or phenomenon in the tropics whose fluctuations may often dictate large scale
dynamics. The corridors are paths in the Pacific Ocean and the Atlantic Ocean and their exact location determines
which areas on the globe are most likely to be affected from the interaction between the tropics and the

midlatitudes.

PASC:

Keywords: Nonlinear prediction; Information flow: Climate dynamics; Predictability; Teleconnections; Annual cycle

1. Introduction

One of the paramount issues in atmospheric
sciences is the equatorial to extratropical tele-
connections and the interaction between the
tropics and higher latitudes. Observational
studies [4-7] have established the existence of
teleconnections between regions in the tropics
and regions in higher latitudes. These telecon-
nections are attributed to several atmospheric
phenomena such as El Nifio/Southern Oscilla-
tion (ENSO) (5), the 40-50 day oscillation [6,8],
convective activity in the tropics [7] etc. Theore-

* Corresponding author.

tical/modeling studies [9-12] have suggested
and/or speculated on the mechanisms according
to which teleconnections might be established. In
general, it is proposed that they are established
via equatorial Rossby waves (which travel west-
ward) or Kelvin waves (which travel eastward)
that are “‘allowed” to move northward to higher
latitudes. It has also been suggested [13] that
communication between tropics and midlatitudes
may be happening through exporting of kinetic
energy from low to higher latitudes. What,
however, has not yet been established is the
exact location and number of the corridors
through which the communication between the
tropics and midlatitudes is established. Here we
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applied ideas from chaos and information
theories in order to obtain an answer to this
problem. Our. approach will also reveal the
principal factors that determine the existence
and location of these corridors.

2. Theory

From information theory [3] we know that for
a continuous probability distribution the infor-
mation content, /, is related to the Kolmogorov
entropy, K, according to I = —K (K >0). For a
time series the first derivative, I, is equivalent to
the mean loss of information per unit time. As it
has been demonstrated in Wales [14], this loss of
information is related to the initial decay of
Pearson’s correlation coefficient, r(¢), between
forecast values of the time series and those
actually observed according to

r)=1-Ce*™, (1)

where C and K are for stationary signals positive
constants (see also Tsonis and Elsner [17]). The
correlation coefficient ranges in magnitude be-
tween zero and one. We wish to stress that here
r(t) refers to the correlation coefficient that
results from a prediction algorithm that explores
the geometry of the state space (nonlinear pre-
diction). Eq. (1) is independent of the prediction
algorithm as long as it is a nonlinear approach
but is not valid if r(¢) is obtained from statistical
(linear) type forecast such as AR models,
climatology, persistence etc. Such approaches
may often display adequate predictive skills but
have no connection to the mathematics that
relate r(¢) to information loss. Between ¢, and ¢,
the mean value of r(¢) will be given by

1
leﬂg—q)f(lfCe”ﬁm
i
or considering that / = —K
C(ffz"2 - efz"")
2I(t, — t,)

F=1+

or

F=f(l) (2)

i.e. the mean loss of information over some time
interval relates to the average predictability over
this time interval via a function f. Let us assume
now that we are dealing with a spatially extended
system such as the atmosphere where a time
series is available on every point of a latitude-
longitude grid. If for a given longitude we take
the derivative of Eq. (2) with respect to latitude
(A) we obtain

dr dfd)

dr dA

or

& _dith) df

dr 4 da

or

dr drf

a:Aa‘. (3)

Eq. (3) relates the north—south gradient of 7 to
the north—south gradient of /. Consequently, if a
spatial distribution of r is provided, then the
potential exists to identify regions on Earth
where the rate of loss of information per distance
is slow thereby mapping the channels along
which information flows easily. Note that accord-
ing to information theory an information source
is a mathematical model for a physical entity that
produces a succession of symbols called outputs.
There are many different symbols that can be
produced by a source and the space that contains
all those symbols is called the alphabet of the
source. In our problem the alphabet may contain
many different “symbols” that can be ex-
changed. The symbols can be fluctuations due to
El Nifio or any other kind of fluctuations such as
convective activity in the tropics, the 40-50 day
oscillation, etc., that can be exchanged between
the tropics and midlatitudes through any type of
interaction.
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3. Data analysis and results

We now proceed to obtain a map of the spatial
distribution of 7. The data used consist of month-
ly 500 hPa geopotential height time series in
1,080 grid points in the Northern Hemisphere.
Geopotential heights at a fixed pressure level
indicate the density in the underlying atmos-
phere. The points are arranged on a grid be-
tween 20°N and the North Pole having a
latitude-longitude resolution of 4 X 6 degrees.
Each time series spans the period from January
1946 to June 1989 (522 values). Due to the need
for a sufficient sample size in the following
calculation we were forced to restrict our calcula-
tions in the above mentioned part of Northern
Hemisphere only. In order to estimate the value
of 7 for each grid point we applied nonlinear
prediction on each and every one of the 1,080
univariate time series. The nonlinear prediction
model was a version of the Farmer and
Sidorowich [1] and Sugihara and May [2] inter-
polative algorithm used in Wales [14] which is
based on the simplex method in phase space. For
each grid point an embedding dimension (n) is
chosen and a phase space having as coordinates
the corresponding time series x(z;) and its succes-
sive time shifts (delays) is constructed. This
vector time series given by

X(t)={x(t,), x(t, +7) ... x(t; + (n — 1)7)} ,

where 7 is an appropriate delay. Based on the
decay of the autocorrelation function [15] a time
delay of two months is used, however, results
were not sensitive to the exact choice of a time
delay in the range of one to twelve months. For
each grid point a “window” containing the first
480 values of x(r;) is adapted and the corre-
sponding points in phase space are produced.
Then the terminal point is located and a minimal
neighborhood is defined around it such that the
sequence containing the terminal point is located
within the simplex with the minimum diameter
formed from the n + 1 closest neighbors. A one
month prediction is then made by deriving the
mapping that dictates the motion of the points in

the neighborhood after one month into their
future. Then the predicted point becomes the
terminal point and the procedure is repeated in
order to obtain a two month forecast and so on
up to twelve months. Subsequently, we shift the
window by one value (so now values 2 to 481 are
considered) and the above sequence of opera-
tions is repeated thus obtaining another 12-
month prediction and so on until we run out of
data. Finally, from all twelve-month predictions
we calculate the correlation coefficient between
the predicted and actual values, r(t), for ¢ =
1,12. Accordingly, r(¢t) values are based on
sample sizes of about forty. A measure of
predictability is then obtained for each grid point
by computing the average correlation coefficient

12
F=1 2 ().
t=1

The choice of a year as our averaging time, even
though is rather arbitrary, represents how well
the time series can be predicted on average over
a period which is commensurate with the stan-
dard cycle of a major external forcing. The
predictability field is then contoured on a map of
the Northern Hemisphere (20°N-90°N) (Fig.
1). In all the above calculations we used an
embedding dimension of five. This was decided
after applying the procedure of Sugihara and
May [2] who suggest plotting the one step (one
month) prediction error as a function of the
embedding dimension. For all grid points we
noticed that r(1) increased from low embedding
dimensions and saturated above embedding di-
mension four. Sensitivity tests using embedding
dimensions in the range of four to eight indicates
that the results remain unaffected. We wish to
stress at this point that we have kept the annual
cycle in our analysis. As it is explained in Fig. 2
the character of the annual cycle is, dynamically
speaking, not unique. The annual cycle can be a
periodic function or a quasi-periodic function or
a chaotic function depending on the location.
Thus, since the annual cycle represents the
major forcing in our climate system, when we
explore geometry in state space or nonlinear
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Fig. 2. Nonlinear prediction can provide information about
the underlying a time series dynamics. A “flat” r(¢) indicates
that the correlation coefficient between actual and predicted
values is independent of the forecast time and corresponds to
periodic signals. An oscillating about a constant level r(¢) is
indicative of quasi-periodic signals. A decaying with time r(t)
indicates chaotic behavior. The above characteristics apply
when additive noise is present. Additive noise produces a
constant offset in the correlation but it would not obliterate
the general behavior of periodic, quasi-periodic or chaotic
signals. Here we show r(¢) vs. ¢ for three different locations in
Northern Hemisphere. Diamonds correspond to the point
with coordinates 46°N, 186° E (midlatitudes), circles to the
point with coordinates 90°N, 0°E (N. Pole) and squares to
the point with coordinates 20° N, 270° E (subtropics). Appar-
ently those three locations exhibit different dynamics as one
corresponds to a periodic signal one to a quasi-periodic signal
and one to a chaotic (nonperiodic) signal. Thus the annual
cycle cannot be assumed as exhibiting a unique dynamic
behavior on all locations on Earth.

dynamics in our data we cannot and should not
simply remove it by subtracting the climatologi-
cal mean monthly values as we do when we
statistically study anomalies. Keeping the annual
cycle is consistent with previous findings that
have tied the annual cycle to ENSO dynamics
[16] and with very recent results which show that
over the last 300 years the annual cycle has not
remained constant in time [17]. We will return to
this issue later.

Returning to Fig. 1, we observe areas of high
predictability (over China and the United States)
and areas of low predictability (over northern
Atlantic Ocean and western Pacific Ocean in the
subtropics). Note that due to time scales in-
volved in our sampling and in our analysis, Fig. 1
displays to a large extent the effect of the annual
cycle. The latitudinal distribution of the annual
cycle depends largely on the distribution of land
and water and on the available insolation at each
latitude. The annual cycle is most pronounced
over midlatitude continental regions and less
over the oceans and at lower latitudes. The high
predictability of the seasonal cycle over con-
tinental regions can be explained by the strong
dependence of lower tropospheric temperatures
(and thus density) to changes in solar insolation
which cause drastic changes in atmospheric circu-
lation patterns. For example, during the summer
Asia is warmed and as a result the Siberian
anticyclone decays and is replaced by the South
Asia cyclone. This dependence is much weaker
over large ocean regions where sensible heat

Fig. 1. Spatial distribution of predictability as measured by the quantity 7 (x 100) (an average correlation between actual and
predicted 500 hPa geopotential height values) defined in the text. Correlations range from about 0.5 (violet) to about 0.9 (red).
Results have been smoothed using a nine-point uniform filter. Spatial heterogeneity of seasonal to interannual predictability is

clearly evident.

Fig. 3. The north-south gradient of Fig. 1. According to Eq. (4) this map shows regions where the loss of information per
distance is fast (i.e. information is not transported easily) [yellow-red] and regions where the loss of information per distance is
slow or slightly negative (i.e. information from lower latitudes is transported easier to midlatitudes) [light blue to purple]. Two
corridors along which information is transported easily, one over the Pacific Ocean and one over the Atlantic Ocean have been

discovered.
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from water can significantly modulate tempera-
tures in the lower troposphere and in the tropics
where solar-insolation is fairly constant. The
expected low predictability over oceanic regions
seems to have been accentuated in northern
Atlantic Ocean where the predictability is much
poorer compared to similar regions over north-
ern Pacific Ocean that normally receive equal
amounts of solar insolation. This feature may be
attributable to the Gulf Stream and/or to the
North Atlantic deep water [18]. Both these
“signals” give off great amounts of heat in the
North Atlantic Ocean thereby making winters
over those areas milder. This reduces the am-
plitude of the seasonal cycle whose predictability
drops. Similar comments can be made about the
predictability over the subtropical western Pacific
Ocean where the values are much lower than
those over the subtropical eastern Pacific. This
feature is attributable to the seasonal to inter-
annual footprint of the chaotic (and thus unpre-
dictable) ENSO signal [19-21]. Overall the non-
linear prediction results despite limited data
amounts reproduce accurately the global clima-
tological picture and thus provide confidence
about our procedure. This is extremely impor-
tant because it is only through nonlinear predic-
tion and Fig. 1 that one can proceed to map the
channels of communication between tropics and
higher latitudes.

For the dynamical system in question and time
scales involved (i.e. t,=12 months, ¢ =1
month) it follows that in Eq. (3)

A=[(-24 - 1) e + @20 +1)e ] —
I ye M@+ 1e 5

which is positive for all K >0 or all I <0. We

thus can write

ar i |

ax " )

Since the geographical distribution of r and 7

depends strongly on the distribution of land and

water and on the two large climate signals
mentioned above (which are not necessarily

functions of A), we can consider that r and 7 do
not depend strongly on A. Then Eq. (4) dictates
that the north—south gradient of 7 is propor-
tional to the north—south gradient of the rate of
loss of information, and its interpretation is
straight forward. If the gradient of 7 is sig-
nificantly greater than zero then the rate of loss
of information per distance is fast (thus infor-
mation is not transported easily from lower to
higher latitudes). If the gradient approaches zero
or becomes negative then the rate of loss of
information per distance slows or becomes nega-
tive (i.e. information is transported easier). By
applying the above ideas to Fig. 1, we can derive
a map that shows where information flows easier
thus defining corridors of communication be-
tween the tropics and higher latitudes. Fig. 3
shows the north—south gradient of r. Yellow
corresponds to dr/dA=0.34 which given the
range of r in Fig. 1, represent a value sig-
nificantly greater than zero. As we go from
yellow to red dr/dA decreases approaching zero
for light blue and becoming slightly negative for
darker blue and purple. From the above discus-
sion and arguments two corridors along which
information flows easily (channels of communica-
tion) can be identified. One in the Pacific Ocean
(centered around 160° W) and a wider one in the
Atlantic Ocean (centered around 25° W).

The delineation of these channels of communi-
cation provides new insights to our knowledge
about large scale dynamics in the atmosphere.
First, their existence verifies model results that
have suggested or speculated the existence of
such regions [8,11] but not the exact location and
number. The existence of the corridors may
explain teleconnections since their location de-
termines where information leaks into higher
latitudes. For example, according to Fig. 3, El
Nino related fluctuations trigger Rossby waves
that emanate to higher latitudes at about 160° W
longitude. The subsequent interaction between
those fluctuations (or the triggered waves) and
the general circulation will result in changes of a
certain horizontal scale. Since the immediate
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land areas are those of the United States and
Canada those areas are most likely to be affect-
ed. We can thus “establish tcleconnections be-
tween El Nino and changes to weather patterns
in North America. Our results may also explain
the observed by the general circulation models
phase-locked response [11] at higher latitudes in
the northern Pacific Ocean and America. This
phase-locking refers to similar responses irre-
spective of the place of origin and the nature of
the fluctuations in the tropics. We suggest that
because the corridor is rather narrow, the fluc-
tuations trigger waves that emanate into higher
latitudes more or less from the same region.
Thus they transport information at the same
location regardless of the source. A similar to
Eq. (4) may be derived for the longitudinal
(east—west) gradient of r. This gradient, how-
ever, is very weak (varying from —0.015 to
0.015) indicating the direct and easy communica-
tion due to the prevailing zonal circulation. This
result indicates that the information flow has a
much greater (more than an order of magnitude)
meridional component than a zonal component
and thus it is mostly restricted to the meridional
direction. Whether or not similar corridors exist
in the South Hemisphere remains to be seen
until more data become available there. Hope-
fully, our results together with theories of atmos-
pheric teleconnections will enhance our under-
standing of the interactions taking place on our
planet and of their effects on weather and
climate.

4. Concluding remarks

It is interesting to speculate about the physical
connection of predictability to dynamics and
about the underlying physics over the time scales
involved in our study. Our results depend on
retaining the annual cycle in our data. If the
annual cycle is removed the resulted Fig. 1
makes no sense whatsoever as it loses all its
structure and climatology and simply shows

noise. Since the annual cycle is more pronounced
(and thus more predictable) in the midlatitudes
than in the tropics, according to Eq. (4) in-
formation has to flow from tropics to higher
latitudes. This “direction” seems to be solely due
to the annual cycle. Thus, firstly our results
suggest a greater role for the annual cycle in
large scale dynamics that it is traditionally prac-
ticed. Secondly, since the delineation of Figs. 1
and 3 is a direct result of how the spatial
distribution of the predictability of the annual
cycle signal is modified by basically the El Nifio
and the North Atlantic signals, our results may
be suggesting that, to a large degree, global scale
dynamics arise from the interplay of three major
signals: annual cycle, El Nino, and the North
Atlantic signal.

Our approach provides a unique example of
how a combination of ideas from the theories of
chaos and information applied to a geophysical
field can yield significant and novel insight con-
cerning the physics of our climate system. At the
same time because of its general character our
approach could be applied to other spatially
extended systems with infinite degrees of free-
dom such as in fluid dynamical systems, chemical
and biological systems, etc. [15].
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