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ABSTRACT

The zonal variance of the heights of constant pressure
surfaces in the atmosphere is taken to be Markovian, i.e., unpredictable
over long times by its own history. It is showm through eross-
—correlation and multiple regression that the szonal variance is
predictable over long times at a given location, through its lagged
eross—correlation at other locations.
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"Scientists have been Tittle attracted by discussions on the
limitation of science for the good reason that, so often,
seemingly impossible things have been achieved."

Sverre Petterssen (11) on predictability.



1. INTRODUCTION

There has been a sea change in meteorology since
Petterssen wrote that about a quarter of a century back. Indeed, the
very year in which Petterssen's remarks were printed, a thesis
published by Enger (3} commenced the process which has led to the
abondonment of the index cycle as a subject of serious study, and to
the questioning of the existence of any significant periodicities
between the diurnal and annual periods in atmopsheric data. As the
concept of the index cycle is associated with the name of Rossby (13,
14}, whose other ideas have been so profitable to meteorology, we are
made to wonder if that concept is really baseless.

Following Enger's thesis, Shapiro and Ward (15, 17),
Lorenz (6) and Juiian (5) have examined the zonal iridex as well as other
weather-related variables, and have found no evidence for the existence
of any significant cycles except the diurnal and annual ones. Enger (3)
showed that the behaviour of the zonal index may be closely approximated
by a first order, Tinear Markov process, (This process is described in
the references cited in this paragraph.) Enger thus showed that the
zonal index variations are mostly due to persistence and random
fluctuations. Lorenz (6) confirmed this, demonstrating also that the
kind of quasi-periodic fluctuations with periods of several weeks
suffered by the zonal index may also exist in first order, linear
Markov processes. In the following, as there are no grounds for
ambiguity, I will call the first order, linear Markov process, simply
the Markov process and any variable, which has a behaviour similar to
this process, a Markov variable.

Shapiro and Ward (15), analysing a seven year, four
month series of 500-mb data, found that "except for the annual period,
the energy of the north-south flow has no preferred periods of
oscillation. This is true not only for the total flow but also for its
(spatial) spectral componenats. Furthermore, there is no evidende for
the existence of the "index cycle". Ward and Shapiro (17) extended this
conclusion to other variables, including the zonal index at several
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locations. They found the only distinghising property of their various
spectra (other than the prominence of the daily and yearly periods)

to be their resemblance to "red noise“, i.e., generally higher
variance at the lower frequencies (or longer periods). Thus (almost)
all atmospheric variables have come to be characterised as Markovian,
all producing "red noise” spectra. Accordingly, (almost) all
atmospheric variables are lacking in predictability based on their
past history, i.e, they lack auto-predictability.

Now, auto-prediction is a specialisation of multiple
regressive prediction. It is also knows that multiple regression
frequently constitutes a jungles. I would not jump into it lightly.
The rest of this paper also discussed a specialisation of multiple
regression, although the specialisation is not to the evidently
fruitless auto-regression. The via media taken here may be explained
and given motivation as follows.

Consider a set of Markov variables as the set evolves.
At each interval of time, the set forms a new pattern.

If the lag between two patterns is small, persistence
would imply a great similarity between the two patterns. By this 1 mean
all os the following three properties:

That the two patters have locally nearly the same values
or that local changes in the variables are small.

That the linear correlation coeffidient obtained from
local values in the two patters 1is large.

That, the local changes being so small, the similarity
between the two patterns can be grasped by the eye.

Therefore, in the terminology of Lund (9), the two
patterns would be of the same "type", and in the terminology of Lorenz
(7, 8), the patterns would constitute a pair of "analogues”. I will
say that the two patterns at small lag belong to an "explicitly related
type.



Consider next the same series, but pairs of patterns
separated by a long, fixed span of time. The pairs will not be
influenced by persistence, and, therefore, there will be little
explicit similarity. However, it is possible to extend the correlation-
coefficient criterion given above. Let us relate the value of one
Markov variable, at the later times, not just to its own values at
the earlier times, but to the values of the other variables at the
earlier times as well. Thus we form linear combinations of predictors.
If these 1inear combinations were to relate the earlier and later
time patterns well, we evidently have a resemblance, but not of the
explicit type. That is, the resemblance may not be perceived by
the eye, as the changes in local values may be very large in any pair
of patterns. I will call this "implicit resemblance". Two patterns at
large lag will rarely, if ever, belong to a stringently defined
"explicitly related type" (7)., but they may be more closely related
through "implicit resemblance”.

My aim here is to show that there is much implicit
resemblance, at large lags, in onermeteorological variable closely
related to the zonal index.

2, THE MODEL AND THE DATA

Let two parallel vertical lines denote zonal averaging
and an asterisk the departure from the zconal mean so t at a variable z
may be represented by

z=|z| +z* (1)

It follows from Eq. (1) that | z*2| would represent the zonal variance
of z. Hence |z*2| would be a measure of the deviation from purely
zonal structure or fiow. And if z were the height of an isobaric
surface, then |z*?| would be negatively correlated with the zonal
index. The prediction of the zonal variance of isobaric surface
height is the subject of this study.



The study uses a 120-month set of daily 1200 GMT data
of the heights of five isobaric surfaces. It covers the period from
1963 to 1972. It is a collection of the U.5. National Meteorological
Center (NMC), made available for this study by the National Center
for Atmospheric Research (NCAR) at Boulder, Colorado. The data are
for the 700-, 500-, 300-, 200- and 100- mb levels, in each instance
from about 200N to the North Pole. These data were reduced to |z*2|

values at 200N, 250N, 300N, ..., 850N, In ther number, in |z*2| (3.k),
j will represent one of these latitudes and k one of the isobars.

For each day, then, there are seventy values of |z%2| .

The 14-day predictions were made for the second half of
each calendar month and the 19-day forecasts for four mid-season
priods. I will describe the procedure adopted for the 19-day forecasts.
The one for the 14-day predictions may be inferred from the description
given here or seen in (16).

From each of the ten years, 1 separated the data for
January 1 to February 9. This set of 10 x 40 patterns of |z*?| was
used in making the 19-day winter forecasts. Similar subsets of data
were extracted for the other seasons, commencing on April 1, July 1
and October 1. In each case, the set of 400 patterns was divided into
two halves, viz., 10 x (day 1 to day 2J) and 10 x (day 21 to day 40).
The first half was used as the source of independent variables and
part of the second as the source of dependent variables in computing
regression coefficients. In order to keep the two halves of data
statistically independent for later use, the ensemble neam value of
|z*2| were computed from the first half only as
v 20 10
|z*2| (§.k) = = = [z*¥2] (§.k) / 200 (2)
d=1 y=1
In Eq. (2), the tilde denotes ensemble averages, d the day from the
first of the month as above and y the year. The departure from this
ensemble mean is given by
V]

2(3.k) = 1z*2] (3,k) - |z*?] (3.k) (3)
for either half of datz. This new variable Z will be used here rather
than |z*2},
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The stepwise regression method is a standard one and
is described at lenght in many statistical texts, e.9., Chatterjee
and Price (1) and Draper and Smith (2). Readable accounts of
regression related problemas are Rao and Miller (12) and Haan (4). The
levels of significance for the inclusion and exclusion of variables
from the regression equations were set equal to each other at the one
per cent level. The subroutine package used was the International
Mathematical and Statistical Libraries (IMSL), available with many
high-speed computing facilities.

In the stepwise regression scheme, any nhumber of
variables may be chosen from a set of independent variables. In the
present problem, the seventy spatial values of Z constitute the sets
of idependent as well as dependent variables. Therefore, to predict
one Z (j,k), say Z {4,3) and any one or more of the remaining sixty-
nine Z (j,k) as predictors. Usually, stepwise regression as used here
leads to linear combinations of predictors. Since we need equations
to predict the seventy Z (j,k), it follows that up to 70 x 70
predictors may be chosen to predict the Z {j,k) at a future time. Thus
one normally selects from the of seventy independent variables, more
than seventy predictors for the Z {(3,k).

In the procedure I adopted, a new set of regression
equations is developed for each interval of prediction for each
season. As mentioned above, the independent variables are always
derived from the first half of data, viz., days 1 to 20 of the months
mentioned, of all the ten years. Let I denote the interval of
prediction in days. Then, for the 1-day interval, the dependent
variables are the data of days 1+i to 20+i or days 2 to 21, Proceeding
in this manner, the dependent variables for the 19-day interval are
the data of days 20 to 39. From these independent variables and
dependent variables, the regression equations are developed for gach
of the 19 intervals.



3, VERIFICATION PROCEDURE AND RESULTS

The properties of the regression equations were studied
with a nearly independent set of data. I assumed initial conditions
to be the data of day 21. Then the successive sets of regression
equations were used to make predictions for days 22 to 40. The observed
data for these days were used to make forecast verification.

I said the verification data were nearly independent of
the data used for computing the coafficients. This may be confimed by
noting that the initial-conditions data, those for day 21, were used
only as dependent variables 1in the computation of coefficients and
that the forecast days 22 to 40 were never used in any manner in the
computation.

Let Z (J.k) be the forecast values of Z{j,k). Then the
root mean square (rms) error of the regression-model forecasts for an
individual day is

14 5 1
Z

E.= (= 1 |Z(3.k) - Z(3.K)[2 7 70)

4
j=1 k=1 @

The error of a model forecast is sometimes compared with the error of
climatological forecasts. Since, however, "climate" may be defined
variously, at least for quantitative purposes, there may be various
climatological forecast errors as well, Here [ wil compare Er with a
constant. This constant E_ is the average rms error of a model that
always forecasts Z to be zero, and is defined by

10 40 14

5
Eo=( 5 1 (3x oz 22K/ 70)2) /190 (5)
y=1 d=22  j=1 k=1

The forecast results are presented here in the form of the per cent ratio

Ry = 100 E/E_ (6)

Let'fr be the model forecast errors averaged for a given calendar
day of all the ten years.'fr would be the mean error of the separate



forecasts made at a given interval. The mean values of R] corresponding
to E are presented in Table 1A for the 19-day forecasts and in Table
2A for the 14-day forecasts. I will consider here Table 1 only,
leaving the reader to compare it with Table 2. The average of R] for
the four seasons are also presented in Table 1A.

These are regressive forecasts and one know that if the
forecastsreveal Ex (E ) > E , where Ex is the statistical expectation,
then the regression coeff1c1ents leading to E were inexact computed
(although these might have been statistically s1gn1f1cant for the sampie
used). Now the values of the errors in Table 1A reveal this, Ex (E ) >
> E c? in the interval from about day 25 to day 32, primarily. It
fol]ows that the regression coefficients computed for this interval were
jmprecise and that the cross~correlations between Z (j,k) at lags of
4 to 11 days were not stable enough to be indubitably determined.

In contrast to the errors over 4 to 11 lags is the
remainder of Tabte 1A. At lags larger than 6 (day 27), we see a tendency
for the errors to diminish with time, up to a lag of 17 (day 38).

One may be conclude from the above that there may be a
reduction in the number of predictors chosen at lags of 4 to 11, in
comparision with other lags. In Fig. 1, the four-season average of
predictors chosen at each lag, called mean N, is plotted against the
average R, of Table 1A. Unit-lag data have been omitted in Fig. 1. A
clear correlation between mean N and lag can be inferred from Fig. 1
and Table 1A. At intermediate lags., when average R1 is greater than
90, mean N tends to be small.

A further issue is the obliteration of forecast
magnitude. By this I medn the tendendy if any of the model to forecast
7 such that the rms value of Z diminishes with time. To formulate
this problem quantitatively, I will write
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14 ) 1
Sr =( =z T 22 (j,k) / 70)2 (7)
j=1 k= r
and
R2 = 100 Sr / EC (8)

To determine the extent of obliteration, I then ask the question:
Does R2 decrease with time on ths average?

The seasonal averages of R2 are given in Table 1B. (See
Table 2B for the 14-day forecast values:) It also contains the overall
averages of R2 for the four seasons. This information answer the
quastion asked -above in the negative. R] and R2 are antiparallelly
distributed in time. Generally speaking when one of them is large, the
other is small. Therefore the worst forecasts, those made at an
interval of about a week, are also the most obliterated ones. The later
forecasts are not only less error-prone, but also well-predicted in
amplitude. This is in complete contrast to the auto-regressive forecasts
of Lorenz (8).

Figure 2 contains a few more details. Iti has the maximum
and minimum values of R, for each day. 1 have also entered in Fig, 2
the number of instances, out of ten, for each day, of the forecasts
for which R]> 100. Figure 2 also has some values of Rq defined through

R3 = 100 ECCI / EC (9)
where
14 5 1
Eeg = ( L I I2(j,k) / 70)2 (10)
i=1 k=1

Hence ECd is just the daily rms value of Z, and R3 is & normalised
version of this rms value. In Fig. 2, if any value among the maxima
of R1 were greater than or equal to 140, the corresponding value of
R3 as observed that day is also given. This enables one to assess a



-2 -

January - FEBIUARY

453 e *
a0 b %es . 2 465 g
»
. .
120 - - “ e,

g ® 6 & 6 6 7 & 6 6 5 6 7 T 7
T ©® 8 © 7 ©® © 2 ° % 0 6 o o e © ©
sof * * 0

o © 9 o * . ¢ o
60 * » ]

[ ] L] L ] L] -
o s & e _ *
ao}
L]
20}

o PR S Y S S S ST S S S
o2 23 24 25 26 27 26 29 30 3 32 33 34 ¥ 3% 3Ir 38 I 40
CrLENDAR Day

feRIL - May
e ) 367 ag7
a0 |
*

180 F

8 [ ]
120} 67

L ]
i . R
G0 oo 7 . * 10 1010 o 10 G D 10
0 e 7 e 8 5 8 B 95 o, . 4 ¥ "
.
acl o ° e 5 o o .
[+]

° - ° o o a o °

sof * .o, . @ o
o . IR

. .
wt L]

. " e e

20F

22 74 B 26 27 2B 2% 30 31 32 33 34 3 36 3T 3B 39 40
CaLENDAR DAy

Figure 2 - Information from the 19-day forecasts, "Calendar

day" is the integer count from the first day of
a) January, b} April, c) July and d) October,
The maximum and minimum values of the normalised
error Ry for each day are indicated by dots. The
average value of Ry by an open circle and the
values of R,, corrlsponding to those maxima of

R, which eqaa1 or exceed 140, by triangles.The
numbers beside the triangles indicate the year
of occurrence. The numbers on either side of the
line for ordinate value 100 are counts (out of
ten) of forecasts for which R, was less than 100,
i.e., the number of "better t%a

n average forecasts"



240F

AGS

AgH

ATI -

- 13 -

JuLy - AususT

465

.= .

=3
<
C
L]
-~

20r

Qo
o e

ow

22 23 24

280
260
240
220 |
200 F

180 | 4E8

L
% 26 27T 28

- 47

25 30 3 32 32
CaLENDAR Day

OcToBeR - [loveMBER

A
ATOIJ?O.

en
~
=

70 370 470 4
®

36 7

md?b

8

st

20F

e
o
-] [=]

I 4 i L 1

25 2% 2 28

Figure

29 30 3 R I}’
CaLENDAR DBav

34

2 (Continuation)

39



- 14 -

partial cause of the worst forecasts. For instance, among the forecasts
for January 28, the worst one has a value. of R1 in excess of 140. That
forecast was for January 28, 1966. The associated value of Rq that day,
as indicated in Fig. 2, was also more than 140, So we see that one
instance of a very deviant weather, as measured by R3, was bhadly
predicted. This is true of several other examples in Fig. 2, so that
there is a tendency in the predictions not to anticipate the dratically
deviant weather, Such a property is common to most reqressive prediction
models.

4. DISCUSSION

The strangest feature of these results, the one that
demands reconciliation with our previous knowledge of the behaviour
of the atmosphere, is, clearly, the diminution of the forecast error
with time, after the passage of about ten days from initial conditions.
Such a recovery has not been anticipated in any of the studies of
atmospheric predictability, at Teast not as anything except mere hope.

Furthermore, the behaviour of the errors in these
forecasts indicates a periodicity quite close to the periodic range
attributed to the index cycle. Yet one must make note of what Namias
(10) wrote of the usefulness of the index cycle: "While the index
{cycle) concept has been of considerable help in classifying and
studying general circulation patterns, it must be confessed that its
usefulness in the practice of extended forecasting has been somewhat
disappointing." I[f the results presented here are a reaffirmation of
the existence of the index cycle, a new interpretation is required
to connect them and the older, synoptic view.

It is nearly certain that the small values of the
forecast error at small prediction intervals must be attributed to
persistence, despite the formation of linear combination of predictors
then also, as seen from the distribution of mean N in Fig. 1. Skills
revealed by this models at a range less than about ten days are not
substantially superior to the auto-regressive results of earlier studies,
e.g., Lorenz (8).
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To elucidate the initial increase of forecast error and
its subsequente fall, I propose a new definition of the index cycle:

The index cycle is a quasi-periodic manifestation of
several weeks duration arising from atmospheric wave-mean flow
interaction modified by other forcing, such as the various forms of
diabatic heating. It is characterised by strong asymmetry of eddy growth
and decay phases, being essentially nonlinear. Weather patterns at the
beginning and end of a cycle are only inplicitly related. This
relationship, while meaning the visual dissimilarity of the same pahse
of different cycles, nevertheless means that the past history of the
atmosphere contains information - unrelated to its external forcing -
on the future course of the atmosphere.

From this definition, it follows that the skill
recovered by the forecasts after the first week of forecasting is due
to the implicit similarities arising from theiindex cycle.

[ attribute the worsening of forecasts over the first
several days to the nonlinearity of the wave-mean flow interactions
in the atmosphere.

5. SUGGESTIONS

I do hope that this study would lessen some of the gloom
arising predictability studies and would prove to be of practical use.
But,of course, to be effective it must be followed by other studies,
at least partially confirming it.

I am fully aware that terms Tike "implicit resemblance”,
wh11e conveying the implications of the results presented here, do not
constitute a theory. It seems to me, in view of the development of
theory in the past, that this complex set of results will not be
explained easily or immediately. Without a credible theory, however,
our understanding will continue to be nebulous as in the past.
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Empirical studies bearing upon the issues raised here
must also deal with the relationship between the local weather and
the zonal statistical moments.
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