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Based on nonlinear prediction and information theory, vertical heterogeneity of predictability and information loss
rate in geopotential height field are obtained over the Northern Hemisphere. On a seasonal-to-interannual time scale,
the predictability is low in the lower troposphere and high in the mid-upper troposphere. However, within mid-upper
troposphere over the subtropics ocean area, there is a relatively poor predictability. These conclusions also fit the seasonal
time scale. Moving to the interannual time scale, the predictability becomes high in the lower troposphere and low in
the mid-upper troposphere, contrary to the former case. On the whole the interannual trend is more predictable than the
seasonal trend. The average information loss rate is low over the mid-east Pacific, west of North America, Atlantic and
Eurasia, and the atmosphere over other places has a relatively high information loss rate on all-time scales. Two channels
are found steadily over the Pacific Ocean and Atlantic Ocean in subtropics. There are also unstable channels. The four-
season influence on predictability and information communication are studied. The predictability is low, no matter which
season data are removed and each season plays an important role in the existence of the channels, except for the winter. The
predictability and teleconnections are paramount issues in atmospheric science, and the teleconnections may be established
by communication channels. So, this work is interesting since it reveals the vertical structure of predictability distribution,

channel locations, and the contributions of different time scales to them and their variations under different seasons.
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1. Introduction

Forecasting is one of the central problems in atmospheric
research, considering how the future can be predicted.!-?!
Three general approaches have been exploited to solve the
problem, which are: the dynamical method, the empirical
method, and the dynamical-empirical method. Empirical ap-
proach is based on the natural occurrence of analogues; that
is, similar weather situation in meteorology. Farmer and
Sidorowich!®! presented a nonlinear model on observed data
to predict the chaotic time series. Sugihara and May!*! simpli-
fied and improved the method for making short-term predic-
tions of chaotic dynamical system. Tsonis and Elsner®! used
the model to distinguish between the chaos sequence and the
random fractal sequence. Elsner and Tsonis!® studied the cli-
mate predictability in 500 hPa by using the approach. All of
the above studies have proved that the model is effective to
make predictions of time series from artificial and experimen-
tal systems to the natural world.

Teleconnections have attracted a lot of interest from
scholars and researchers in atmospheric sciences, including
observational studies,”"'%! and further theoretical/modeling
studies.!! =13 These studies have revealed the interactions be-
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tween the tropics and high latitudes, and the mechanisms
through which the teleconnections might be established. Fac-
tors leading to teleconnections are also studied, such as El
Nino. Using a new tool called complex networks to study
the atmospheric phenomenon — EI Nino has revealed that the
communication between the tropical region and extratropical
region is less and is unstable during the El Nino years.[1*13]
By using the complex networks, the different dynamical mech-
anisms in the tropics and high latitudes were found.!'9 So,
there exists an interaction between tropics and high latitudes.
The remaining work is how to depict aspects of the commu-
nication during the interaction and provide the exact locations
where physical entities are exchanged between them. Tsonis
and Elsner’! have made a great step on the problems by study-
ing the communication transmission at 500 hPa. Information
communication of intra-seasonal and inter-annual oscillation
signals and information transfer of Walker circulation were
also studied.!'”-'8 But more work should be done to under-
stand the vertical condition and influences of different time
scales and four seasons.

We will focus on describing the heterogeneity of pre-
dictability between different pressure levels by using the non-

*Project supported by the National Key Basic Research and Development Program, China (Grant Nos. 2012CB955902 and 2013CB430204) and the National
Natural Science Foundation of China (Grant Nos. 41305059, 41305100, 41275096 and 41105070).

fCorresponding author. E-mail: fax20032008@163.com
© 2014 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

029202-1


http://dx.doi.org/10.1088/1674-1056/23/2/029202
mailto:fax20032008@163.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 23, No. 2 (2014) 029202

linear method introduced above, and depicting the communi-
cation condition by the rate of information loss based on infor-
mation theory, in order to identify channels at different pres-
sure levels during the interaction between the tropics and the
extratropical. The influence of different time scales and four
seasons on the predictability and channels are also studied.
The rest of the present paper is organized as follows. The data
and method are introduced in Section 2. In Section 3, vertical
distribution of predictability and information communication,
the influences of different time scales and four seasons on pre-
dictability and information communication are shown. The
conclusion is given in the last section.

2. Data and method

The data used are from the NCEP/NCAR reanalysis of
monthly-averaged geopotential height. The pressure levels
of 100 hPa, 150 hPa, 200 hPa, 250 hPa, 300 hPa, 400 hPa,
500 hPa, 600 hPa, 700 hPa, 850 hPa, 925 hPa, and 1000 hPa
are chosen to be studied. At each level the data cover 1080
grid points over the Northern Hemisphere between 20° N and
the North Pole with a latitude—longitude resolution of 5x5 de-
grees. The data period is from January 1966 to December
2012. The seasonal and interannual signal are obtained by 1
to 2 month second order Butterworth Band-Pass filter and low
pass filter, choosing a year as the boundary.!'” For the study
of four-season influences, the data of spring (MAM), summer
(JJA), autumn (SON), and winter (DJF) are removed to obtain
the corresponding season effect for enough data size, which is
similar to the method used by Zhi and Gong did. %!

The nonlinear prediction model is applied to the above
processed data. At each level for a grid point i, the first 480
(360 for four-season influence tested) values are chosen as the
training set, the remaining values as the target set. For the
training set, an appropriate embedding dimension (r) and time
delay () are chosen, and the corresponding points in phase

space are produced. The vector of the time series is

Xi(t) = {x:(0),xi(t+7),... . x(t+ (n—1)7)}
t=1,2,...,564— (n—1)1,i = 1,2,...,1080. (1)

Here, embedding dimension is n = 5 and time delay is
7 =2 the same as the values in Tsonis and Elsner’s paper.[!
The target set is used for prediction. In each prediction, the
For the
same leading time, the correlation coefficients are calculated

maximum leading time is 12 steps (i.e. a year).
between predicted and observed values with Pearson correla-
tion coefficient, and the average of all the coefficients is taken
in order to be viewed as the grid point predictability. Thus,
the 1080 grid point predictability at different pressure levels is
obtained.

Wales!?!! demonstrated that the Kolmogorov entropy (K)
was related to the initial decay of Pearson correlation coef-
ficient (r) and the relationship first presented by Tsonis and
Elsner;[SJ that is,

r(t) = 1—-Ce*s. 2

Based on the information theory, the first derivative of in-
formation content (i.e. the mean loss of information per unit
time) is equal to the negative of Kolmogorov entropy, namely
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where py, .., 18 the joint probability, when phase space is di-
vided into D-dimensional hypercubes of content /° and a tra-
jectory in hypercube is denoted as ig att =0, iy att =T, ip at
t =2T, etc. So

r()=1-Ce " =1-ce™?", 3)

where C is a positive constant. For a period time ¢, the mean

value of Pearson’s correlation coefficient is

1 .
(ry = ;/(1 —Ce 2ydr. “4)
t
The angular brackets represent taking average of r. So, the
mean coefficient is related to the information loss rate via a
function of f (i.e. {(r) = f(I)).
derivative of Eq. (4) with respect to latitude is

d()  dft) _ dfi) di
dA  dA 4l dA]

For a given longitude, the

&)

It is shown that the north-south gradient of (r) is pro-
portional to the north—south gradient of information loss rate.
Here, the information about these atmospheric phenomena can
be exchanged between the tropics and mid-high latitudes, such
as El Nino, the 40-50 day oscillation, and so on. If the north—
south gradient of (r) is small, it means that the rate of infor-
mation loss along the latitude is slow and the information can
flow easily along the longitude. Otherwise, the rate of infor-
mation loss is fast and the information cannot transport easily

between the tropics and mid-high latitudes.

3. Results

Using the above data and method, we study the pre-
dictability and communication of the atmosphere, as well as
their variations induced by different time scales and four sea-

sons over the Northern Hemisphere.
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3.1. Vertical characteristics of predictability and informa-
tion communication

The vertical profile of seasonal to interannual predictabil-
ity is shown in Fig. 1. Setting 30° N to be the boundary
between the tropics and mid-high latitudes, a profile is also
drawn (Fig. 2). All results have been smoothed using a nine-
point uniform filter. The Pearson correlation coefficient is of
the linear correlation between observed and predicted values,
ranging from O to 1. If the correlation is close to 1, it means
these areas are more predictable, otherwise the place is less
predictable. So, from Fig. 1, we can find that on the whole
the predictability grows as altitude increases, that is to say,
the lower pressure levels (1000 hPa to 700 hPa) have poor pre-
dictabilities with Pearson correlation coefficients ranging from
0.4 to 0.7, and the high pressure levels (600 hPa—100 hPa)
have better predictabilities in a range from 0.7 to 0.8. This
fact is easy to be explained: it happens because the lower lev-
els are affected by rather complex surface and strong convec-
tion, making the cycle signal not obvious. Therefore they are
harder to predict and the outcomes are not desirable. While the
high levels are relatively stable and predicted easily. Figure 2
is similar to Fig. 1 except for four regions marked by rect-
angles with black lines. In rectangles 1 and 2 there are poor
predictability compared with in other regions along the same
altitude. The two regions spans just from about 120° W to
150° E and 20° W to 80° W, respectively. This can contribute
to the strength of the annual cycle, as suggested by Tsonis and
Elsner,® and Elsner and Tsonis. The atmosphere over large
ocean regions is not sensitive to the seasonal cycle because
sensible heat from water can modulate tropospheric tempera-
ture and cause it to be rather steady. The hot Gulf Stream can
also make the tropospheric temperature in the region 2 steady,
so the region is not sensitive to the seasonal cycle. So the poor
predicatability is obviously observed in the regions over the
oceans compared with those over continent. As for the area of
rectangle 3, it has a high predictability than in other regions
along the same altitude. The outcomes may be not credible
because a lot of geopotential heights in 1000 hPa are minus
because of high terrain of Tibet Plateau (74° E to 104° E,
25° N to 40° N) located in the region. The area of rectan-
gle 4 is just above Tibet Plateau, and has a poor prediction,
which may contribute to the complex surface of the plateau.
The vertical predictability of other latitudes is similar to the
average value. The vertical predictability of boundary (linking
the tropics with mid-high latitudes) is different from the aver-
age value, as shown in Fig. 2, which indicates the particularity

of the boundary.
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Fig. 1. (color online) Pearson correlation coefficient (x 100) distribution from
1000 hPa to 100 hPa, which is averaged between 20° N and the North Pole
for each pressure level. In the figure, 60E is the abbreviation for 60° E.
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Fig. 2. (color online) Pearson correlation coefficient (x 100) distribu-
tion along 30° N from 1000 hPa to 100 hPa.

In Fig. 3 we display the average rate of the information
loss per distance along longitudes according to Eq. (5), in
which d//dA is proportional to d{r)/dA (for df(f)/di > 0).
If d(r)/dA is close to zero, then the information is not easy
to lose. Therefore, the information can easily flow along lon-
gitudes from tropics to mid-high latitude or in the opposite
direction. If the absolute value of d(r)/dA is much greater
than zero, then the information loses quickly. So, the informa-
tion does not flow easily along longitudes. The areas covered
by the values ranging from —2 to 2 (with low information loss
rate) are the regions where the information can be easily trans-
ported between the tropics and the extratropical. A narrow one
is located in the mid-upper troposphere (from about 600 hPa
to 100 hPa) over the mid-east Pacific and west part of North
America (about —160° to —100°; that is, 100° W to 160° W).
Another wide region is over the Atlantic and Eurasia, with
different altitude ranges in different longitude ranges. (The
longitude range is from about 60° W to 60° E and the altitude
range is from about 500 hPa to 100 hPa, while the longitude
range is from about 60° E to 120° E and the altitude range is
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from about 300 hPa to 100 hPa.) The remaining areas covered
by the values greater than 2 or less than —2 are those regions
where information cannot be easily transported. Tsonis and
Elsner®! pointed out two communication corridors laid over
the Pacific Ocean and Atlantic Ocean at 500 hPa in the sub-
tropics. So, the profile of information loss rate in subtropics is
also drawn to identify channels, and the result is illustrated in
Fig. 4. The narrow channel over the Pacific exists from about
500 hPa to 100 hPa but the center moves from about 160° W to
130° W. The center of the wider area over Atlantic moves from
about 20° W to 15° W. A new narrow channel is found from
about 500 hPa to 100 hPa centered at 60° E. The channels and
their locations are of importance because they provide the ex-
act locations at different levels where information exchanges
between the low and the mid-high latitudes and through which

100 '

200

300

400

500
600

700
800
900
1000
—180

—120 —60 0 60 120 180

EE——— . e
-8 —4-2 0 2 4 8

Fig. 3. (color online) North—south gradient of Pearson correlation coef-
ficient (x 100) in each level and the same latitude average as in Fig. 1.
The regions covered by the values ranging from —2 to 2 are the locations
where information flows easily, and the other regions are the locations
where information does not flow easily. In order to put the regions of
low information loss rate together, the abscissa is not the same as those
in Figs. 1 and 2, negatives represent west longitudes and positives refer
to east longitudes.
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Fig. 4. (color online) The same as Fig. 3 but averaged between 20° N
and 30° N. The regions covered by the values ranging from —2 to 2 are
the channels where most information exchanges between tropics and
extratropical region at different levels.

they interact with each other to affect the global weather and
climate.

3.2. Predictability and channels on seasonal and interan-
nual time scales

In order to know the predictabilities on different time
scales as well as their roles in exchanging between tropics and
extratropical region, the original data are filtered into seasonal
and interannual components with the multi-stage filter.!'’! The
predictabilities of the two components are shown in Figs. 5(a)
and 5(b), respectively. Each of the predictabilities has a strong
relationship with altitude, but the seasonal predictability grows
with the increasing of altitude but the interannual predictabil-
ity is just opposite. Meanwhile, the interannual predictability
is better (in a range from 0.89 to 0.92) than the seasonal one
(from 0.4 to 0.8). This means that the interannual trend is more
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Fig. 5. (color online) The same as Fig.1 but on seasonal (a) and interan-
nual (b) time scale: the predictability of interannual signal is better than
that of seasonal signal, and predictability of the former decreases with
altitude increasing but the latter is opposite.
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predictable than the seasonal trend. The pattern of seasonal
predictability is similar to that of the seasonal-to-interannual
time scale, indicating that the seasonal cycle plays a great role
in climate system.

Figure 6 displays the numbers and the locations of chan-
nels at different levels of the subtropics on the two time scales.
Both of the two time scales contribute a lot to the tropics and
high latidude exchange because the two channels over Pacific
Ocean and Atlantic Ocean steadily exist on the two time scales
except for the changes in altitude range and width (compar-
ison can be seen from Table 1). So, the exchange between
tropical time scale and extratropical time scale happens from
seasonal to interannual time scale. From our study, through
the two channels over oceans the teleconnections influencing
the global weather and climate are established. There also
exist unstable channels, such as the one over Tibet Plateau
from 400 hPa to 100 hPa with longitudes from about 80° E to
120° E, existing only on an interannual time scale, and the nar-
row channel is centered at 60° E, which may come into being
through interaction between seasonal time scale and interanu-
ual time scale since its exists only on a seasonal — interanuual
time scale. Meanwhile, on a seasonal time scale the informa-
tion mainly transports from tropics to high latitudes (with a
positive information loss rate) but the interannual time scale
is opposite mainly from high latitudes to tropics (i.e., with a
negative information loss rate), which can be obviously seen
from Fig. 6. This is very interesting.
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Fig. 6. (color online) The same as Fig. 4, showing the channels on a
seasonal time scale (a) and on an interannual time scale (b) along longi-
tudes in subtropical time scale: the two time scales both contribute a lot
to the two channels over Pacific Ocean and Atlantic Ocean, while the
interannual time scale has one more channel which ranges from 400 hPa
to 100 hPa with longitudes from 80° E to 120° E.

Table 1. The communication channels on different time scales, affected by different seasons and their locations.

Data Channels (over) Altitudes/hPa Longitudes (center)
Seasonal to Pacific Ocean 500-100 110° W=150° W (130° W)
interannual Atlantic Ocean 500-100 45° W-15° E (15° W)
time scale narrow one 500-100 55° E-65° E (60° E)
Spring data

removed
Summer data Pacific Ocean 500-150 115° W-150° W (130° W)
removed
Autumn data narrow one 400-100 55° E-75° E (65° E)
removed
Pacific Ocean 400-150 110° W-140° W (125° W)
Winter data removed Atlantic Ocean 300-100 40° W-0(20° W)
narrow one 300-100 55° E-65° E (60° E)
Seasonal time Pacific Ocean 700-100 115° W=150° W (130° W)
scale Atlantic Ocean 400-150 45° W-10° E (15° W)
Pacific Ocean 700-200 120° W=150° W (135° W)
Interannual time scale Atlantic Ocean 1000-150 45° W=10° E (15° W)
Tibet Plateau 400-100 80° E-120° E (100° W)
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3.3. Influence of four seasons on predictability and com-
munication channel

The predictability and information communication over
the Northern Hemisphere are closely related to the seasonal
cycle. In order to know what roles the different seasons play
in predictability and information communication, spring, sum-
mer, autumn, and winter data are artificially removed. For ex-
ample, to study the contribution of spring, geopotential heights
of March, April, and May are removed from the time series
from 1966 to 2012. Then, the above theory and procedure are
applied to the remaining data.

Figure 7 shows the predictabilities when spring, summer,
autumn, winter data are removed. Figure 8 shows the differ-
ence in prediction between the whole and the remaining data.
The predictability would be low when any season data are re-
moved, especially for the mid-upper troposphere, which in-
dicates that the annual circle is a standard circle of a major
external forcing. Among the seasons, spring has the strongest
influence on predictability, followed by the autumn and sum-
mer, and the winter influence is smallest. For spring and au-
tumn, the reduction of predictability is somewhat related to
the altitude. The influences of summer and winter seem to be
different in different longitude ranges.
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The seasons have a great influence on the channels in the
subtropics, except for winter (Fig. 9). Spring has the great-
est effect on the channels, almost all three channels disappear
when its data are removed. The influence of summer mainly
concentrates on the disappearance of the channel over the At-
lantic Ocean and the one centered at 60° E less affects the
channel over Pacific Ocean. The narrow channel centering
60° E is not sensitive to autumn, but the other two almost dis-
appear when the autumn data are removed. All the three chan-
nels are less affected by winter than other seasons: they each
have just a change in altitude range and width compared with
the original ones. In other words, spring contributes more to
the north—south information exchange through controlling the
corridor openings in subtropics, summer controlling the At-
lantic Ocean channel and the one centered at 60° E as well,
and autumn controlling the Pacific Ocean one and the Atlantic
Ocean one. The winter has a little influence on the channels,
which is why all the teleconnection patterns can steadily exist
in winter. So, it is of great importance to understand the roles
of seasons in meridional information communication and tele-
connection communication. The channels affected by differ-
ent time scales and seasons can be obtained in Table 1.
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Fig. 7. (color online) The same as Fig. 1 but showing the situations with removing the data of (a) spring, (b) summer, (c) autumn, and (d) winter.
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Fig. 8. (color online) Differences between Fig. 1 and Fig. 7: (a) Fig. 7(a) subtracting Fig. 1; (b) Fig. 7(b) subtracting Fig. 1; (c)
Fig. 7(c) subtracting Fig. 1; and 1(d) Fig. 7(d) subtracting Fig. 1.
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Fig. 9. (color online) Effects of seasons on channels in subtropics, showing that (a) the three channels are sensitive to the spring: when its data are
removed almost all the channels disappear, (b) only the channel over Pacific Ocean is not very sensitive to summer, (c) the narrow channel centered at
60° E is not very sensitive to autumn but the other two are sensitive to autumn, and (d) none of the three channels is very sensitive to the winter.
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4. Conclusions

The predictability and the information communication
between 20° N and the North Pole in troposphere are inves-
tigated on the basis of nonlinear prediction and information
theory. The predictability is low in the lower troposphere and
high in the mid-upper troposphere on seasonal and seasonal
to interannual time scales. In contrast, the interannual pre-
dictability is high in the lower troposphere and low predic-
tion in the mid-upper troposphere. The predictability of in-
terannual time scale is better than that of seasonal time scale,
indicating that the interannual trend is more predictable than
the seasonal trend. This is consistent with our common sense.
Meanwhile the predictability is low no matter what season data
are removed, which verifies that the annual cycle plays a great
role in large scale dynamics. Among the four seasons, winter
has the smallest influence and spring has the biggest effect on
the predictability of the atmosphere.

This study of the vertical information communication in-
dicates that the average information loss rate is low in the mid-
upper troposphere over mid-east Pacific, west part of North
America, Atlantic, and Eurasia, and high in atmosphere over
mid-west Pacific, east part of America, and low troposphere
over Asia. Two channels are found to be steady over the
Pacific Ocean and Atlantic Ocean in subtropics, which con-
tribute to both the seasonal time scale signal and the inter-
annual time scale signal. The seasonal-to-interannual unsta-
ble channel centered at 60° E in upper troposphere may come
into being through interaction between seasonal and interanu-
ual signals. The interannual unstable channel is located in a
region from 400 hPa to 100 hPa with longitude being from
about 80° E to 120° E. The seasons except winter play an im-
portant role in influencing the existence of the channels, which
controls the information exchange between the tropics and the
mid-latitudes, especially in spring. The lower influence on the
channels in winter may explain why patterns of teleconnec-
tions steadily exist in winter.

One important thing is that this study demonstrates the
Tibet Plateau plays a great role in predictability and informa-
tion communication over the Northern Hemisphere. And the
most interesting thing is that, on a seasonal time scale the in-
formation mainly transports from tropics to high latitudes but
it is just opposite on an interannual time scale. The delin-
eation of these channels of communication provides us with a
new insight to large scale dynamics in the atmosphere. The
existence of the corridors may explain teleconnections since
their locations determine the place where the information ex-
changes between the low and the mid-high latitudes, through
which the tropical region and extratropical region interact with
each other to affect the global weather and climate.
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