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Abstract

We have attempted to determine the theoretical upper limit of dynamical
predictability of monthly means for prescribed nonflucutating external forc-
ings. We have extended the concept of ‘classical' predictability, which pri-
marily refers to the lack of predictability due mainly to the instabilities
of synoptic scale disturbances, to the predictability of time averages, which
are determined by the predictability of low frequency planetary waves. We
have carried out 60 day integrations of a global general circulation model
with 9 different initial conditions but identical boundary conditions of sea
surface temperature, snow, sea ice and soil moisture. Three of these initial
conditions are the observed atmospheric conditions on 1st January of 1975,
1976 and 1977. The other six initial conditions are obtained by superimposing
over the observed jnitial conditions a random perturbation comparable to the
errors of observation. The root mean square error of random perturbations at
all the grid points and all the model Tevels is 3 ms=! in u and v components
of wind. The root mean square vector wind error between the observed initial
conditions is more than 15 ms-1,

It is hypothesized that for a given averaging period, if the root mean
square error among the time averages predicted froﬁ largely different initial
conditions become comparable to the root mean square error among the time
averages predicted from randomly perturbed initial conditions, the time

averages are dynamically unpredictable. We have carried out the analysis of
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variancé to compare the variability, among the three groups, due to largely
different initial conditions, and within each group due to random perturbations.

It is found that the variances among the first 30 day means, predicted
from largely different initial conditions, are significantly different from
the variances due to random perturbations in the initial conditions, whereas
the variances among 30 day means for day 31-60 are not distinguishable from
the variances due to random initial perturbations. The 30-day means for
days 16-46 over certain areas are also significantly different from the
variances due to random perturbations.

These results suggest that the evolution of Tong waves remains suffi-
ciently predictable at least up to one month and, possibly up to 45 days, so
that the combined effects of their own nonpredictability and their depredic-
tabilization by synoptic scale instabilities is not large enough to degrade
the dynamical prediction of monthly means. The Northern Hemisphere appears
to be more predictable than the Southern Hemisphere.

It is noteworthy that the lack of predictability for the second month is
not because the model simulations relax to the same model state but because of
very large departures in the simulated model states. This suggests that, with
improvements in model resolution and physical parameterizations, there is
potential for extending the predictability of time averages even beyond one
month.

Here, we have examined only the dynamical predictability, because the
boundary conditions are identical in all the integrations. Based on these
results, and the possibility of additional predictability due to influence
of persistent anomalies of sea surface temperature, sea ice, snow and soil
moisture, it is suggested that there is sufficient physical basis to undertake
a systematic program to establish the feasibility of predicting monthly means

in numerical integrations of realistic dynamical models.
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1. Introduction:

The deterministic prediction of subsequent evolution of atmospheric
states is limited to a few days due to presence of dynamical instabilities
and nonlinear interactions. Two predictions made from the same initial
conditions, except small and random differences in the initial state, begin
to differ from each other (Lorenz, 1965; Charney, 1966; Smagorinsky, 1969)
and the rate and the degree to which the tWo‘predictions diverge from each
other depends upon the growth rates of the hydrodynamic instabilities, the
nature of nonlinear interactions and the structure of the differences between
the two initial states. Since the observed state of the atmosphere due to
errors in observations and their interpolation to data void areas, always
contains some uncertainties, and since the formulation of the dynamical equa-
tions and parameterizations of the physical processes are only approximate,
there is an upper 1imit on the range of deterministic predicfion. This upper
Timit is mainly determined by the error growth rates associated with the
instabilities of the mean flows with respect to the synoptic scale disturbances-
and therefore it strongly depends upon the structuré of the initial conditions.
Some initial conditions are more predictable than others. This upper limit
may be referred to as the predictability limit for synoptic scales. Moreover,
since the 1imits of predictability of synoptic scales are considered under
fixed external forcing (including slowly varying sea surface temperature
(SST), soil moisture, snow and ice, etc), and since the evolution of the two
initial states is determined completely by dynamical instabilities and their

interactions, we propose to refer to it as the dynamical predictability of

synoptic scales. In subsequent discussions we have distinguished between

the dynamical predictability and predictability due to external forcings.
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The dynamical predictabi]ify of synoptic scales is of interest for short
range brediction and considerable literature already exists on the different
aspects of this problem. 1In this study we propose to investigate the predict-
ability of space and time averages. We ask the following questions: While
the detailed structure of instantaneous flow patterns can not be predicted
beyond a few days, is it possible that space and time averges can be predicted
over longer averagjné periods? . . ._
| In an earlier paper, Charney (1960) had raised the question of predicta-

bility of space and time averages. It is perhaps appropriate to quote Charney:

"The crucial question is 'What is really remembered?' If, for example,

the system only remembers a spatially or temporally averaged mean state, then

it should at least be possible to predict this mean state. it seems .to me

that this is just the problem of long range prediction."

The degree of dynamical predictability of space-time averages will
naturally depend upon the space-time spectra of the atmospheric statés and
the nature of interaction among different scales. For example, if there
were no stationary forcings at the earth's surface and if the day-to-day
fluctuations were determined solely by the baroclinic instability of radia-
tively maintained zonal flows, the variability of time averages will mainly
depend upon the length of the averaging period and, therefore, the time
averages will not be any more predictab1e than the amplitudes and phases of
individual disturbances. In this case, most of theienergy will be contained
in the most unstable scales and larger scales will grow either through the
cascade of energy from the fast growing unstable scales or due to their self
aﬁp]ification.

Recent studies by Charney and Devore (1980), Charney and Straus (1980)

and Charney et al. (1981), have shown that for a given external forcing,’

188



thermally and orographically forced circulations can possess multiple equili-
brium states and that some of these states are more stable than others. This
suggests that in the presence of thermal and orographic forcings, self inter-
action and nonlinearities can be important mechanisms for fluctuations of
Tonger periods. It is quite 1ikely that Targe amplitude synoptic instabili-
ties play an important role in destabilizing the existing equilibria and
therefore the predictability of transitions from one equilibrium to aﬁ.other
may not be any more promising than the predictability of intense cyclone
waves. k

Figure la shows the space-time spectra for the observed geopotential
height field at 500 mb for 15 winter seasons. It is seen that most of the
variance is contained in the planetary scale (wave no. 1-5) low frequency
(10-90 day) components of the circulation. Figure 1b shows the variances in
different wave number and frequency domains for 15 different winter seasons.
Most of the interannual variability is contributed by the low frequency plan-
etary waves. Since the variability of space-time averages is mainly dominated
by the planetary scale Tow frequency components, it can be anticipated that
the prospects of predictability of space-time averges may not be as hopeless
as that of the synoptic scales.

In the earlier classical studies of deterministic predictability, the
theoretical upper 1imit was determined by the rate of growth and the magni-
tude of error between the two model evolutions for which the initial condi-
tions differed by only a small random perturbation. For a study of the
predictability of time averages, a more appropriate question would be: If
numerical predictions are made from initial conditions which are as different
as two randomly chosen years (for example, as different as observations on

same calendar date for different years), how long it would take before the
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time averaged predictions becomé indistinguishable from the predictions made
with small random perturbations in the initial conditions? The differences
between two atmosphere states for the same calendar day in two different
years can be very large because each dynamical state has evolved through
complex nonlinear interactions under the influence of different boundary
forcings, and therefore, the amplitudes and phases of the main energy bearing
planetary waves will be much more different than that can be expected by
adding a small random perturbation. It is natural to ask therefore: Is

it possible that a given configuration of planetary waves remembers itself
much longer than the limit of deterministic prediction, which mainly refers
to the predictability of synoptic scales?

The main difference between the previous studies and this study is that
the earlier studies examined the growth rate of the errors, and the upper
limit of synoptic scale predictability was determined by the dominant insta-
bilities. In the present study, we have carried out the analysis of variance
to compare the variability among very different initial conditions, and among
randomly perturbed initial conditions. The Timit of predictability is not
determined solely by the growth rates of synoptic scale instabilities, but
by the relative magnitudes of the deterministic growth rates of the planetary
waves'and the degradation of planetary waves by the rapidly amplifying synop-
tic scale instabilities. In other words, the lack of predictability of a
high frequency small scale system itself is not veryfsignificant because its
effect will be minimized due to averaging; however, its effects on the longer
waves are important.

The present study and the earlier studies share a common deficiency.
Both studies introduce only a random perturbation in the initial conditions.

There is no evidence that the errors of observations are randomly distributed.
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Observational errors have systematic biases over the data void areas (viz
oceans) and it is not clear that the growth rates of systematic errors will
be the same as the growth rateé of random errors. However, just as the
earlier predictability studies with random perturbations were mainly to
illustrate the theoretical upper 1imit of synoptic scale predictability, the
present study is also an idealized study to establish the theoretical upper

limit of predictability of time averages.
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2. Mechanisms for the Interannual Variability of Monthly Means:

Let us assume that w(;,t) represents the state of the atmosphere at ahy
time t (schematic Figure 2.), where f is the three dimensional space vector.
At the earth's surface, which is the lower boundary of the atmosphere,
sea surface temperature, sea ice and snow, soil moisture and vegetafion etc.
act like slowly varying external forcingé. Although solar variability is
the only truly external forcing to the atmosphere, since the time scale of
the change of such parameters as large scale séa surface temperature, s0il
moisture aﬁd sea ice cover etc. is much larger than the time scale of synoptic
scale instabilities, we would refer to these slowly varying boundary conditfons
as external fofcings to the atmospheric system described by W(;, t). The
The time evolution of ¥ can now be treated as the combined effects of the
initial conditions (because they will determine the nature of instabilities
and their interactions) and the effects of external forcing as defined by
the boundary conditions. There are three distinct ;ime scales which enter
any consideration of the predictability of time averages. First is the time
scale of day-to-day fluctuations of ¥(to be denoted by ty) due to inherent
instability and nonlinearity of the system, and this determines the level of
uncertainty in estimating a time average (Leith, 1973), second is the time

scale of external forcing, to be denoted by 1, and third is the averaging
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Fig. 2 Schematic illustration of the roles of internal dynamics
and.slowly varying boundary conditions.
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time (T) for which we wish to examine the predictability. For the particular

case of predictability of monthly means, it can be stated that

| Twn<T<TF
because 1y for the atmosphére is a few days and tf for large scale sea
surféce temperature and sea ice anomalies is a few months (we do not have
good observational basis to estimate tf for soil moisture). Since these
boundary conditionghchange sfow]y, they can‘B; assumed to bé constant (ar
prescribed) for’a period of one month. However, even under fixed external
forcings, internal dynamics can change the evolution of initial states to
such an extent that time averages will be different from éach other. The
mechanisms responsibie for the interannual variability of monthly means can
be broadly categorized as follows: |

a) Internal dynamics: Due to combined effects of instabilities, non-

linear interactions, thermal and orographic forcings and fluctuating zonal
winds, tropical - extra tropical interactions, etc. (Since orography and
land-sea contrast at the earth's.surface is fixed, thermally and topograph-
ically forced motions and their interactions are considered as a part of the
internal dynamics.)

b) Boundary forcings: Due to f]uctuations‘of sea surface temperature,

sea ice/snow, soil moisture and other slowly varying boundary conditions and
their effects on the amplitudes and phases of planetary waves which in turn
may determine the tracks and intensity of cyclone scale disturbances. Fluc-
tuations in solar or other extraterrestrial energy sources are not considered
in the present study.

An understanding of the relative contributions of the two factorsvis
essential to determine the predictability of climate in general and of monthly

means in particular. We recognize that the dynamical properties of the small
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scale instabilities can be very different under extremely different boundary
conditions. However, the observed anomalies in the boundary conditions are
not found to be so large that they could change the basic dynamics of the
synoptic disturbances. The changes in the boundary conditions'can affect the
amplitudes and phases of the planetary waves in extratropical latitudes and
large scale Hadley and Walker circulations fn low latitudes. Changes in the
~structure and persistence of the mid-latitude planetary waves can, <in turn,
change the frequency, intensity, and propagation properties of synoptic

scale instabilities. Similarly, in low latitudes, SST and soil moisture ano-
malies of moderate magnitude can change the growth and amplitude of synoptic
scale tropical disturbances, whereas, anomalies of large magnitude can drasti-
cally alter the geographical Tocations of convergence zones and precipitation.
Anomalous heat sources in low latitudes can also produce, under favorable
conditions, large response in middle latitudes. In this paper, however, we
propose to study the predictability of monthly means under fixed boundary

conditions. This we would refer to as the dynamical predictability of

monthly means. Examination of the role of slowly varying boundary conditions
in determiniﬁg the changes of monthly means is a topic for separate investi-
gation.

General circulation models allow us to examine the dynamical predicta-
bility and boundary forced predictability separately. It is not possible to
address these questions by analysis of observed data alone because the obser-
vations reflect the combined effects of internal dynamics and fluctuating
boundary conditions. Even in the absence of fluctuating external forcings,
internal dynamics can generate interannual variations of monthly and seasonal
means. Sometimes, this component of the variability has been referred to as

the "climate noise" (Leith, 1975; Straus and Halem, 1981). This terminology
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Observational errors have systematic biases over the data void areas (viz
oceans) and it is not clear that the growth rates of systematic errors will
be the same as the growth rates of random errors. However, just as the
earlier predictability studies with random perturbations were mainly to
illustrate the theoretical upper 1imit of synoptic scale predictability, the
present study is also an idealized study to establish the theoretical upper
1imit of predictability of time averages.

As a preamble to the present study, we carried out a series of classical
predictability studies in which we examined the growth and equilibration of
random and non-random errors in initial conditions for the GLAS climate model.
We can briefly summarize the results of these studies. The predictability
depends on the following factors: a) size of the initial error; b) structure
of the initial error; c¢) latitude (circulation regime, N. and S. Hemsiphere,
tropical and middle Tatitudes; d) season; e) parameter; f) scale; g) initial
condition. It was found that certain initial conditions are more predictable
than others. We have not investigated what properties of the initial conditions
determine their predictability. In general it was found that tropical
latitudes are less predictable than the mid-latitudes for prediction of instan-
taneous states of the atmosphere. However, for prediction of time averages,

the tropical atmosphere appears to be potentialy more predictable.
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3. Numerical Experiments:

We have carried out 60-day integrations of the GLAS climate model start-
ing from three different initial conditions corresponding to January 1 of
1975, 1976, 1977. These are referred to as the control runﬁ. The differences
among the initial conditions fof the 1st of January of different years are
targer than those due to errors of observations because they reflect thg mul-
titdde of effects of varying boundary conditions and dynamical interactions
during each preceding year. Amplitudes and phases of planetary waves were
significantly different from each other. The root mean square vector wind
differences at 500 mb for observed initial conditions over Northern Hemisphere
were 16.9 ms-! between 1975 and 1976, 17.6 ms-1 between 1976 and 1977, and
18.5 ms-! between 1975 and 1977; the differences were about 10 ms=! in the
Towest tropospheric levels and about 20 ms=! in the upper troposphere. The
root mean square differences for the initial conditions of 500 mb geobotential
height between 30°N and 70°N were 160.4 meters between 1975 and 1976, 187.7
meters between 1976 and 1977, and 186.7 meters between 1975 and 1977. In
comparison the root mean square difference between maps from two randomly
chosen years, calculated from 15 years of daily values, was found to be
178.8 meters.

Each of these initial conditions was then randomly perturbed such that
the spatial structure of the random perturbations in u and v components at
all the nine Tevels of the model had a Gaussian distribution with zero mean
and standard deviation of 3 ms-1. The amplitudes of the random perturbation
in u and v were not allowed to exceed 12 m s~! at any grid point. These
are referred to as the perturbation runs. For each control run there are
several perturbations runs. The general circulation model uséd in the pre-

sent study has been described by Halem et. al. (1980).
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Since all the integrations are made with fixed boundary conditions, vari-
ability among the predictions of monthly means made from the control runs
gives a measure of the long range memory of the initial conditions character-
ized by différent configurations of the planetary waves. Variability among
different perturbation runs for the same control run gives a measure of the
degradation of the predictability of those initial conditions. If for.a
given averaging perféd, T, the variability ahéng the control runs is not sta-
tistically different from the variability among the perturbation runs, Qe can
conclude that thére is no dynamical predictability for the time averages over
period T. It should be pointed out, however, that this statement applies
only to the model being used for the study and not necessarily to the real
atmosphere. However, since ultimately one.has to use one or the other mode]
fdr any prediction, lack of predicﬁabi]ity for the models will imply our

inability to make actual predictions of the atmosphere. Absence of dynamical

predictability would not imply, however, the absence of boundary-forcéd
predictabi]ity. It is quite possible that for certain anomalous structures

of sea surface temperature, soil moistﬁre and sea ice etc, space-time averages
over certain regions may be predictable.

Table 1 gives a summary of the numerical integrations carried out for
this study. Ciyy, C27, C37 refer to the three 60 day control runs made from
the initial conditions of Jan 1 1975, 1976 and 1977, respectively. Cj2, C13,
are the perturbation runs for which the initial conditions of Cyj were ran-
domly perturbéd. Likewise, Cg2, C23, C24; are the perturbation runs for
the control run C21, and C32 is the perturbation run for the control run C31.
The statistica1 properties of the random perturbations were Same in all the
perturbation cases, however, the actual values at any grid poiht were different

in each case.
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Table 1. Schematic summary of the control and the perturbation runs (Cji)-

Initial | Jan 1, 1975 | Jan 1, 1976 | Jan 1, 1977
Condition ’
j=1 Jj=2 j=3
Control i=1 C11 C21 C31
Random I -
Perturbation =2 Ci2 ’ Co2 C32
Random
Perturbation i=3 C13 C23
Random
Perturbation i=4 Cos
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4, Predictability of planetary and synoptic scales:

We have examined the scale dependence of thedretica] upper limit of
deterministic predictability. The errors'for planetary waves and synoptic
scale waves is very different. We show that the planetary waves which have
the largest contribution to monthly means have a much longer predictability
time compared to the synopt1c scale waves.

The 500 mb geopotent1a1 height (¢) for ;ach day and each latitude for

control (c) and perturbation (p) runs can be expressed as

C (at) = ¢¢ + ¥ A® Cos 8 + B® Sin 8
¢¢ (2t) ¢o ) o Cos & + B Sin g

oP (A,t) = ¢g + ) AE Cos 8 + BE Sin 8
where A is the longitude and 8y is the phase for the wavenumber k.
k = 0 refers to the mean value of 72 grid points along the latitude circle.
The total mean square error, E, along the latitude circle can be expressed as:
2
EW)2 = 45 j 0C(x,t) - ¢P(2,t) J2da

36
= (AC - APYZ 4+ 1 AC - APY2 + (BC - BP)Z
( 0 0) 2 g=§ k k) ( k k)

where Ag and By are functions of time.
The right hand side gives the contribution of each wavenumber to the total
root mean square error. We have examined the errors, as defined below, in the
planetary scales (wavenumbers 0-4), synoptic scales (wavenumbers 5-12) and

short scales (wavenumbers 13-36) separately.

P)2}1/2

C P, e.C P2 c
Planetary scale error = {(Aj - A< + X(Ak - A+ (B - By

12 ¢ 172
Synoptic scale error {L(A - Ak) + (Bk - BE)Z}
k=5
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36
Short scale error = {I(Af - AE)2 + (Bf - BE)Z}U2

We have calculated the daily values of errors for the six pairs (see
Table 1) of control and perturbation runs: (C11.C12), (C11.C13), (C21.C22),
(C21,C23), (C21,C2a), (C31,C32). Figures 3a and 3b show the mean of the six
error values for wavenumbers 0-4 and wavenumbers 5-12 respectively, averaged
over the Tatitude Bé]t, 40°N;60°N. The verigcal bars on eaEh curve giv; the
standard deviation among six error values. Mean and standard deviation of
the persistence error in the corresponding wavenumber range for the three
control runs, C11, Cp1, C31 is also shown on each figure. Errors in wavenum-
bers 13-36 are very small and are not shown here.

The differences in the two figures are rather remarkabie. If the cross-
over point between the random error growth curve and the persistence error
curve is considered to be the theoretical upper 1imit of the deterministic
predictability, the synoptic scales are found to loose complete predictability
after two weeks. The persistence error is a measure of error between two ran-
domly chosen charts and is V2 times larger than the root mean square of daj1y
fluctuations (climatology error). The planetary scales, on the other hand,
seem to show theoretical predictability even beyond one mqnth. This further
suggests that the space and time averages, which are mainly determined by the
planetary scale motions, have a potential for predic?ab11ity at least up to
or beyond one month. |

We have also examined the day-to-day changes of sea level pressure and
500 mb temperature for control run and perturbation runs. Figures 4a, 4b, 4c,
4d, 4e, 4f show the plots of daily sea level pressure and temperature averaged
over some of the areas shown in Figure 7. It can be seen that the initia]

conditions do not persist in the course of integration and even large spatial
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averages show large day-to-day fluctuations. During the first month, although
the day-to-day fluctuations of either the control or the perturbation runs
are large, the differences between the control run and the random perturbation
run are not as large. However, for the second month, the departures between
the control and the perturbation runs are so large that even the monthly means
are indistinguishable from the monthly means for a completely different initial
condition. . . -
| Relatively small differences between spatially averaged atmospheric vari-
ables for the first 20-25 days of control and perturbation runs would suggest
that the time averages for the first month should be predictable. We have

shown this to be the case by a more systematic analysis of variance of model

simulations described in the following sections.

7
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5. Results:

Figures 5a, 5b, 5¢, show the plots of monthly mean sea level pressure
for January (day 1-31) for the model runs (C11,C12), (C21,C22), and (C31,C32)
respectively. The upper panel shows the monthly mean for the control run and
the Tower panel shows the monthly mean for the random perturbations over that
control run. To reduce the number of figures and to emphasize the 1arge_changes
in winter, we have only shown the northern hemisphere maps. For January, any
control run is much more similar to its own perturbation runs than to any
other control run or any other perturbation run. The upper and lower panels
of Figures 5a, 5b, 5¢, have large similarities compared to any two upper panels
or any two lower panels. For example, both the upper and the Tower panels of
Figure 3c show a very deep Aleutian low which is neither as strong nor located
at the same place in other maps for January. The same is true for other major
circulation features. This suggests that the random perturbations in the
initial conditions have not changed the 31-day evolution of the flow so
drastically that the monthly means may look very different.

The results are very different for the month of February (days 32-60),
which are shown in Figures 6a, 6b, 6¢c. Although some of the large scale
features retain their general configuration in the upper and lower panels,
the displacements in the centers of highs and lows is large enough to give
very significant quantitative differences between the Lpper and the lower
panels. The differences between the upper and the lower panels are comparable
to the differences between any two figures. In the following section, we
present a more quantitative description of the differences between the control

and the perturbation runs.

213



.ANHO NvVe - Teued Jiomol) uni uofireqanixad s3T pue AHHU Nve - toued xoddn) greT ‘1 "uep Jo
SUOT}TIPUOD TBIJTUT 9Yjl WOIF UNI TOI3UO0D 8y} J0F TE-T sdep a0y oanssoxd 1oAsT vwes ueem Lep-Ig ®©G °S14

308F 091 ovlL ozt 00} 08 09 ov 114 0 114 oy 09 08 00l ozt ovi [1}:18 >>om%

0e

| OV

09

08
N

1) 48 091 MO8I
T T 0

214



.ANNU Nve - 1oued xsmoT) uni uworjeqanixzed s31T pue AHNO NVe - 1eued asddn) 9261 ‘T "uef FO

SUOT1TIPUOO TETITUL 9Y1 WOII UNI [OI}UOD oUj I03 [g-T SLep I0Fy aanssead Tose] vwos uesw Lep-1g dg 814

3081 09t ovi oct 0ot 08 09 114 0¢ 0 0z 114 08 o8 001t 143 oyl 091  mosgtL
<! | & T 1 T <°
,.. TR

308t 09t ovl oct 00t

215



80 100 120 140 160 180E

0 20 40 60

20

60 40

180W 160 140 120 100 80

216

80 100 120 140 160 180E

60
from the initial co
(lower

trol run

40

0 20
days 1-31 for the con

20

60 40

180W 160 140 120 100 80

nditions
- JAN 032).

for

el pressure

lev
1, 1977 (upper panel - JAN Csl) and its perturbation run

Fig. 5¢ 3l1-day mean sea

el

pan

of Jan.



.ANHU gad - 1eusd Iemoy) unx uoiieqaniiad s31T pue Aﬁﬁu gad - toued gaddn) g.L6T ‘T °Uer jyo

SUOT1TPUOD TBTATUT OYj WOIF UNI [0I3WOO 38Ul I0F 09-Z¢ sfep Jo3 oanssexd [oAST Bas UBAW ABp-6Z BY A

308L O09L OvL ozt 00L 08B 09 oy 0z 6 0 114 09 08 oot 0zt ObL  08L MO8L
! ! [ i ¥

3081 09t ovik 174§ 00t og 09 (134 0 ] 02 134 09 08 0oL [ 1A% oviE 091 MO8
g T I I I 0

217



.ANNU q44 - 1eusd xemol) unx uoijzedqanixed s1T pue (TgD 944 - Toued gaddn) 9261 ‘T ‘usp jo
SUOTITPUOO TBIITUT OUY] WOIF UNI [OI3UOD dY} I0F 09-gE sAep Ioy aanssoxd [9a9T BOS ueow Lep-6Z d9 *Sig

308L 091 ovi oct ool 08 09 ov 114 0 114 orv 09 08 001 ozl ovi 09t ;omo_.
I | [ ]

308F 091 ove ozt ool 08 08 oy 0e 0 0c oy 09 08 001t oclh ovi 091 M08!t

218



. ANm

SUOT]TPUOS TBTITUT SUY] WOIF UNI [OXIUCO dY} I0F 09-EE sdevp JI0

308L 091

5 gag - rousd gomor) uni uoiisqanjxad s3T pue (7D €L
3 oanssoaxd TeasT Bos ussw Aep-6g 29 "Jtg .

ovi 0Z1i 00t

114

0

1e

0c

oy

- tousd xaddn) 22617 ‘T "uspf IO

00t

ock

ori 09t  MOBL

3

Y\

|

|

09 08
, lg_/

I

{

f |

0

114

(4

0

219



5.1 Space and time averaging:

We have examined the predictability of monthly means for several space
averaging domains. Let us first ask a simple question: why do we examine
monthly means rather than examining 23 day or 39 day means? We have not car-
ried out, and we are not aware of, any study which examines the most appro-
priate averaging periods for time averaged predictions. Naturally the answer
would depend upon the frequency spectra of the different components of “the
flow. Since the space and time scales of atmospheric motions are dynamically
related, it should also depend upon the appropriate combination of space and
time averaging domains. Our choice of monthly time period is based simply on
a qualitative reasoning that it is more than 2 weeks, which is the upper
limit of deterministic prediction, and less than a season which is an appro-
priate time scale for the external solar forcing. Moreover, for social con-
sumption, forecasts are normally given in terms of monthly and seasonal means.

Similarly, there is arbitrariness in choosing the space scales for aver-
aging. From an examination of the past data over United States one can see
that the space scales of the monthly mean anomalies for the large scale dynam-
ical variables (for example: pressure, temperature or wind etc) is always
larger than (500km x 500km), which is the resolution of the model, but not as
large as the whole of continental United States. In fact, typically, differ-
ent quadrants of United States show different "signs" of monthly and seasonal
anomaly field. It would, therefore, be meaningless to predict monthly mean
for the whole United States. In this study we have examined the monthly
means averaged over different areas shown in Figure 7. While choosing the
averaging area we have tried to isolate the oceanic and continental areas,
the monsoonal and nonmonsoonal areas and the areas of active mid-latitude

cyclogenesis.
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5.2 Analysis of Variance:

We have carried out the analysis of variance (F test) to determine the
statistical significance of the differences in the variances among different
control runs and among different perturbation runs. This technique is des-
cribed in statistics text books (e.g., Hays, 1963).

In Table 1, the three boxes‘labeled as j =1, 2, 3 refer to the three
different initial Conditions. For each box j, index i refers to the perturbed
runs made with the initial condition for box j. If Mj;j denotes the monthly
mean value of any variable for the model run Cij, and J is the number of boxes,

the expression for F can be written as:

2 2
(1 Mij) (1 I Mij)
}i - - 31 -
J nj ' N
Fviaw) = gg g;
I ] My - (] Myy)?
R A
J nj
= b HN-J
Fp (J -1
In the present case (see Table 1), nj =3, np =4, and n3 = 2,

N=ny+np+n3=9, vi=4J-1=2, vp=N-J= 6.

The numerator (Fy) is a measure of variability among fhe monthly means
of largely different initial conditions and the denominator (F) is a measure
of variability among the monthly means for randomly 5erturbed initial condi-
tidns. By carrying out an analysis of variance, we are examining the signi-
ficance of the fluctuations of the monthly means and not the monthly means
themselves.

The algebraic mean of all the runs in any one box differs from the alge-

braic mean of all the runs in another box. The numerator, Fi, is a measure
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of the variability among such box means, and the denominator, Fp, is a measure
of variability within the boxes. If the three different initial conditions
are indeed very different, and if the random perturbations do not change them
substantially, the numerator will be large and remain large, whereas the denom-
inator will be small and remain small. However, if the random perturbations
can produce large changes in the time averages, the denominator will increase
and reduce the value of F. A reduction in the value of numerator wi]f¢also
reduce the value of F. This will occur if the algebraic mean of all the runs
in one box is not very different from the algebraic mean of all the runs in
other boxes.

The numerical value of F determines the level of significance for the dif-
ferences between the variability among the boxes and the variability within
the boxes. From F tables, F (vi,vw) = 5.1 for 95% and 10.9 for 99% and
14.5 for 99.5% level of significance. Therefore, if the value of F, calculated
from eq. (1) for all the integrations in Table 1, is larger than 5.1, we can
conclude that the variability among the monthly means of the control runs with
very different initial conditions is larger (at the 95% significance level) |
than the variability among the monthly means due to random perturbations in
the initial conditions.

For any initial condition, the day-to-day evolution of the flow will be
different between thé control run and its perturbation rﬁn, This will Tead
to different values of monthly means. The magnitude of this difference will
depend, among other things, upon the number of days the flow is allowed to
evolve before calculating the monthly means. For example, the differences
between the mdnth]y means of the control run and the perturbation run for days
31-60 will be different from those for days 1-30. Similarly, the differences

between the monthly means of two control runs will be different from the
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differences between the monthly means of a control run and its perturbation
run. The purpose of this analysis is to introduce a quantitative measure to
examine these differences and compare them with each other. If fqr days
31-60, the variability among the control runs is not significantly larger
than the variability among the perturbation runs, it will suggest that dur-
ing a 60-day integration of the global GCM, the evolution of the flow was

so -modified by the presence of random errors in the initial condition that
even a 30-day mean (for the last 30 days) was indistinguishable from a sim-
iliar 30-day mean for very different initial condition. Since the boundary
conditions are identical for all the integrations, this will imply that the
different initial conditions of the control runs had no bearing on the time
averages for days 31-60.

In this study we have carried out 60-day numerical integrations for all
the nine cases. We have examined the predictability of time averages for
days 1 - 31? days 16 - 46, and days 32 - 60. For convenience we refer to
these as January (J), January - February (J/F) and February (F) respectively.
The boundary cbnditibns of sea surface temperatures, soil moisture, snow/sea
ice and surface albedo were identical for all the integrations and were same
as described for model results by Halem et al. (1980).

It is recognized that the observed initial conditions on any day are not
unrelated with the observed boundary conditions for‘the same day and therefore
certain inconsistency might occur by using c]imatolégica] mean boundary con-
ditions. Presumably this inconsistency is common to all the model runs with
different initial conditiohs. Since we propose to study the dynamical pre-
dictability under identical boundary conditions, we had no better alternative
than choosing the climatological mean boundary condtions. A more appropriate

procedure would have been to choose the control initial conditions from a
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Tong (several years) GCM integration carried out with constant (or seasonally
varying) boundary conditions. Due to limitations on available computer time
we could not carry out such long integrations. However, such long integra-

tions have already been carried out by other modeling groups, (Dr. S. Manabe,
Dr. M. Schlesinger, personal communication) and it may be useful to carry out

similar studies with these models.
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5.3 Results of F calculation:

Figureé 8a, 8b, 8c give the F values for sea level pressure averaged over
each area for the averaging periods of days 1-31, days 16-46 and Qays 32-60
respectively. Areas with F values of 5 or more are shaded. For the monthly
means of days 1-31, 29 out of 38 areas show F ya]ue of 5 or more. The number
of such significant areas drops down to 11 for monthly means of days 16-46
and drops further down to 5 for monthly means of days 32-60. Since 2 of
these 5 areas did not show significance for averaging periods of days 16-46,
it is reasonable to conclude that only 3 of the areas show significaﬁce for
averaging period of days 32-60. Since we are considering the significance
Tevel above 95%, 2 of 38 areas may be significant by chance. It can be con-
cluded that there is complete loss of dynamical predictability for aVeraging
periods of days 32-60.

If the number of significant areas are segregated according to the hemi-
sphere, it js seen that only 3 out of 18 areas in the Southern Hemisphere are
significant above 95% for averaging period of days 16-46. This suggests that
the northern hemisphere monthly means are potentially more predictable than ‘
the sou?hern hemispheric monthly means. It is quite Tlikely that the presence
of orogéaphic and thermal forcings due to mountains and continental-oceanic
heat sources in the northern hemisphere winter establishes planetary scale
motions which are sufficiently stable to allow a dyngmica] prediction for
Tonger range compared to the southern hemisphere. If may be conjectured
Tikewise that the prospects of Tonger term predictability for northern hemi-
spheric summer may not be as favorable.

We have examined the sensitivity of these results to the size of the

averaging area. We have repeated the calculations of F for areas smaller
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and larger than those shown in Figufe 5 but centred at the same 38 areas.

We refer to the modified areas as Area-1, Area+l, Area+2, and Area+4 respec-
tively. Areat+n (Area-n) refers to an area which is increased (decreased) by
n grid points on either side of the area shown in Figure 7. One grid length
in latitude and longitude is 4° and 5° respectively. Tables 2a, 2b, 2c give
the values of F for the averaging periods of days 1-31, days 16-46 and days
32-60 respectively. For January, the number, of boxes significant atimgre
than the 95% confidence level are maximum (=29) for the areas shown in Figure
7 and Area+l. There is a slight reduction in the number of significant areas
for smaller and larger areas. The effect seems to be more clear for southern
hemispheric areas. The number of significant areas decreases from 14 to 10
with an increase in the spatial averaging size from area shown in Figure 7

to the largest area referred to as Areat4d. This can be due to absence of
strong planetary scale stationary waves in the southern hemisphere summer.
The number of significant areas for predictability of averages for days

16-46 and days 32-60 is too small to investigate its dependence upon the

size of the averaging area.

From these results it can be conjectured that at 95% confidence level
there is almost no predictability for the averaging period of days 32-60;
there is substant1a1.degree of predictability for days 1-31 and there is
only partial predictability for days 16-46. This suggests that the observed
initial conditions, together with their instabilities and nonlinear interac-
tidns, remember themselves, at least upto a month, to such an extent that
the monthly means for different integrations are significantly different
from the month]y means of randomly perturbed initial conditions.

We have also calculated the values of F at each grid point for five

different 30 day means corresponding to days 1-30, days 8-37, days 15-44, days
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Values of F for January (days 1-31) for different

sizes of the area of averaging.

. Table 2a.

JANUARY

(AREA+4)

8.9

3.6

39.3

1.9

0.2
0.0

103
8.4
30.5

19.5

41.8

9.9

5.5
0.8

].6

3.5
12.6

32.3

39.7

0.8
2.1

4.]

2.3
36.3

53.1

30.8

24.9

065
28.5

13.4

46. 1

26.8

17.8

40.0

10.5

0.4

/.3
21.4

(AREA+2)

19.6

3.4
19.6

12.4

0.2
0.3

2.5
16.0

32.9

39.7

21.1

0.2
6‘]

4,2

4.4

1.7
20.4

27.2

10.3

0.0

2.0

2.5
16.0

31.7

62.2

20.0

24.6

2.2
18.1

9.1
49.3

14.8

4.2
28.9

3
0.6
14.3

11

15.0

(AREA+1)

14.9

3.1
17.4

22.2

%

4,]
19.5

31.1

28.5

18.6

6.8
9‘0

8.3
15.9

.6

1
63.9

2502

5.1

Ol]

202
6.8
19.8

22,9

44.0

13.1

29.4

6.9

9.5

7.9
47.5

11.0

1.8
26.6

16.5

0.1
17.2

17.1

(Figure 7)

]0.3

3.4
18.6

29.0

. Do2
0.9

5.1
22.2

25.4

20.8

14.1

6.‘]
10.7

9.0
30.6

.'07
46.1

36.1

3.1

0.7

1o/

7.0
32.0

20,9

26.6

8.7
36.8

27.7

5.4
8.7
50.1

9.0

1.8
15.4

14.0

0.4
33.2

17.9

(AREA-T)

9.0
3.7
25.6

40.3

0.1
1.4
5.7
23.9

]630

32.8

9.6

4.4

11.2

12.1

34.8

2.6
33.0

25.6

2‘4
0.9

1.0

8.0
28.6

18.9

16.9

6.7
42.8

24.4

2.4
9.9
50.4

8.6
2.1

7.6
8.4
0.5
30.7

18.4

Region #

2.

43

5.
6

70

90
10.

11.

12.
13.
14.
15.

16.
17.
18,
19.
20,
21,

27,
23.
24.
25.
26.
27/,
28.
29.
30,
31,

32.
33,
34.
35,

36.
37.
38.
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Values of F for mid-January and mid-February (days 16-46) for

different sizes of the area of averaging.

Table 2b.

MID JAN. - MID FEB.

(AREA+4)

4.9
2.9

2.2
0.5

0'7
0.6
O.]

/.9
3.0
0.4

2.9

4.4
4.6

0.9

2.2

1.9
1.2
3.4
16.3

0.3
0.2

1.2

0.4
7.7
2.6
6.7
10.8

0.3

4.3

0.2

1.9
1.8
4.6
17.2

2.9
1.1

4.5

7.2

(AREA+2)

5.5

h.3
2.3

0.8

0.8
0.8
0.2
16.5

4.6

0.0
].7

4.2

0.9

].5
v ]'3

3'1

].4
1.0

11.5

2'8
3.2
0.1

]'2

19.1

3.6
1.2
19.6

0.]

5.6

0.0

].2
0.7

4.0
]6.3

6.9
0.7

8.4

9.0

(AREA+1)

5.5
5.5

2.4

1.5
1.4
1.0
0.3
24.7

4.9
0.5

1.5
2.9
0l3

1.8
2.5
3.9
0.1

OI4

7.8
2.8
2.8

].0
2.0

15.8

3.6

5.5
22.1

0'8

4.2

0.0

1.0
OI4
3.6

16.1

3.4
0.5

10.0

11.1

AREA
(Figure 7)

3.9
5‘9
4.6

1.7

1.6
1.2
0.2
28.3

5.5
]IO
1'8

]l8
0.1

2.4
4.5

3.8
0.0

0.6

5.7

3.2
2.0

1.3
12.8

8.0

3.4
4.0
25.0

11.0

2']

Ol'l

0.7

0.1

3.8
9.6

2.5
0.2

8.0

11.0

(AREA-1)

4.3

4.3

5.9

2.2

1.5
1.7
0.2
29.3

5.9

1.2
1.6
1.2
0.2

1.4
4.2

3.0
0.2
0.7

3'3
3.]

2.0

].8

11.3

4.4

3.0

3.5
27.4

10.7

1.8
0.5

0.5
0-]

4.0

4.9

1.8
0.0
7.9
9.1

Region #

3.

4.

5.

6.

10.
11.
12.
13.
14.
15,

16.
17'
18.

19.
20.
21.

22,
23.
24.
25,
26,
27,
28,
29.
30.
31.

320
33,
34.
35,
36.
- 37,

38.
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Values of F for February (days 32-60) for different sizes

of the area of averaging.

Table 2c.

FEBRUARY

AREA
(Figure 7)

(AREA+4)

10.6

5.0
2'2
. 12.0

4.0

6.3
0.1

1.0
1.5
1.3
3.4
1.5

0.5

0.6

OG7

2.0
0.6

1.1

8.1

0.6

5.8

2.2
0.3

0.9

1.1

29]

5.1

0.1

0.3

003
0.2

0.6

105

0.4
3.3
1.1

36‘]

(AREA+2)

9.3

3.0

2.4
2.7

].4
6‘0
O.]

0.5

0.4

2.0

3.4

1.6
0.8
0.3
0.9
2.7
0.8

1.8
4'7

5.0
36]

6.2
0.5

]03
2.5

3.9

7.2
0.4

o

0.3
O.]

0'4
1.5

0.4

0.2
0.1

p—

5.3

(AREA+1)

7.9
2.4

2.2‘

].3
0.5

5.3
0.‘]

0.8
0.4
2‘9

3'3
" ].2

1.1

0.]

0.8

2.9
- 0.8

2.4

2.9
15.7

207

0.7

0.7

].2
3.6
4.0

7.3
.IQ3
].0

0.4 !
0.]

O.S

2.0

0.3

]-6
0.2

Lo

o

5.3

6.3

2.0
].3

0.9

0.4
4.2
0.]

].2
0.2

2.4
3.2

]GO
].2

0.1

1.1

2.9
1.1

2.0

].5

16.1

]-6

0.8

1.0
0.7
5“1

3.0

7.3

4.3

0.6
0.4
0.0

0.6

392
0.8

]'6
0’]

0.8

5.0

(AREA-1)

5.2

1.8
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22-51 and days 29-58. Figures éa through 9e give the plots of F for the

500 mb geopotential height over northern hemisphere. The dotted areas are
significant at the 95% level and the crosshatched areas are significant at
the 99.5% Tevel. A systematic degradation of predictability is found to
occur from the first to the fifth map. Most of the grid points are signifi-
cant at more than 95% confidence level for the predictability of first 30
day mean. This is_p clear indication of the dominance of initial conditions
which were different, and it also indicates that the initial planetary wave
configurations could not bé drastically changed by the random perturbations.
A more encouraging conclusion can be drawn from the distribution of F values
for the 30-day mean of days 8-37 and 15-44. Even after ignoring the first 7
and 14 days of integration, which are considered to be the 'useful' and
‘theoretical' upper limits of synoptic scale deterministic prediction, there
are 1arge areas for which significance level is more than 95%. Figure 10
gives the number of grid points between 2°N and 78°N which are signi%icant at
the 95% and 99% confidehce level for the five averaging periods. The number
of grid points for the averaging period of days 29-58 are too small to be
statistically significant and it may be reasonable to conclude that the model

used in this study, with climatological mean boundary conditions, may not

have any success in predicting the monthly mean of the second month (days

31-60).
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Fig. 92 F values for 500 mb geopotential height field, calculated at each grid point,
for 30-day mean (days 1-30). Light shading areas are significant at 95%, and
crosshatched areas are significant at 99% confidence level. Significance
level for blank areas is less than 95%.
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Fig. 9b Same as Figure 7a but for the 30-day mean (days 8-37).
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Fig. 9¢ Same as Figure 7a but for the 30-day mean (days 15-44).
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Fig. 9d Same as Figure 7a but for the 30-day mean (days 22-51).
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Fig. 9e Same as Figure 7a but for the 30-day mean (days 29-58).
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6. Discussion of Results:

Since the results of any such study are bound to be model dependent, it
is necessary to examine especially those characteristics of the model which
may have a bearing on the results and their interpretation. For example, if
integrations were started with largely different 1nitiél conditions for a
hypothetical defective model, in which initial conditions persistent through-
out'the course of the integrétion, one can'gét a very Targé value of F. This
may lead to a false conclusion about the existence of predictability. In
this section we will show that the day-to-day fluctuations simulated by the
model are realistic and, except near the poles, comparable to the observed
day-to-day fluctuations in the atmosphere.

Similarly, the reduction in the values of F for the second month could
be caused by the model property, or more appropriately the model deficiency,
that the model simulations for the second month converged to the same state
and therefore their variance was reduced. We will show that this is not the
case for the present model. The reduction in F occurred mainly due to very
large departures between the control run and the perturbation runs for the
11 the simula-

second month of integration and not due to the relaxation of a

tions to the same model state.

6.1 Day-to-day fluctuations:

In order to show that the large values of F for January were not due to
persistence of different initial conditions, we have examined the day-to-day
fluctuations of sea level pressure, 500 mb geopotential height, and tempera-

ture for the nine model runs.



In order to determine the model's ability to simulate the day-to-day
f]uctuations-we have also calculated, at each grid point, the standard devia-
tion of daily values for 9 model runs for January and February.

If Pijkt denotes the daily value of any meteorological variable (viz sea
level pressure or 500 mb geopotential height) at grid point i, j for model

run k on day t, we calculate a measure of day-to-day variability ojj at grid

point i,] as: . .. . .
(055)% = (13 (Pgge - P52 /(K*T) where k =1, 2, . . .K (K = 9)

andt =1, 2, . . .T (T =31 for Janu:
= 29 for February)

- 1
and P-]J'k = 3 g P'ijkt

For comparison, we have also calculated ojj for 15 years of observa-
tion (K = 15). The observational data set consisted of the NMC (National
Meteorological Center) analyses which were received from NCAR (National Center
for Atmospheric Research). Figure 11 shows the zonal averages of ojj for 9
model runs and 15 months of observations for sea level pressure. Results for
500 mb geopotential height field (not shown) were also similar, except; that
the differences near the poles were even larger. The model tends to underes-
timate the day-to-day variability near the winter pp]e. This is not unrelated
to a major model deficiency that gives an unrealistically cold upper troposphere
and strong zonal wind. In the tropics and thg mid-latitudes, the day-to-day
variability of the model is found to be feali;tic and quite comparable to the
day-to-day fluctuations observed in the real atmosphere.

We have not compared the day-to-day predictions with the corresponding
observations because numerical weather prediction was not the main intent of
this study. Moreover, we have not used the observed boundary conditions for

the corresponding initial conditions. The primary aim here was to determine
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the time 1imit for which the random perturbations can make the space-time

averages comb]etely unpredictable.

6.2 Does the model relax to the same state for the second month?

Since the external forcings (solar heating and climatological mean boun-
dary conditions) for all the model runs are identical, it is very likely that
all the simulated model states will relax to, the same mean_ climate. The relax-
ation time, in_generai, will be determined by the time scale of the external
forcing and the nature of dynamical }ystem which might have its own internal
feedbacks which, in turn, may interact with the external forcing (viz cloud-
radiation interaction). A comprehensive examination of this question is beyond
the scope of the present study, especially because the prospects of predicta-
bility of a few days to a month are largely, and perhaps solely, determined by
the dynamical instabilities and their intefactions. In the present study we
investigate a limited aspect of the question. Does the reduction in the value
of F for February occur due to similarity between all the model simulated
states or is it due to very large differences between the control run and its
perturbation run? In order to provide a quantitative answer to this question,

we have examined the following three aspects of the model simulations.

6.2.1. Change in Fy and Fo from January to February:

Table 3 gives the values of F; and F» for January and February. If all
“the model simulations relaxed to the same state for the second month, the
value of Fp, which measures variability among the control and their perturba-
tion runs, would be very small. However, it can be seen that, from January to
February, the value of F, has increased for 32 out of 38 areas. Most of the

reduction in F from January to February is due to increase in value of the
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Values of F1 and Fp for different regions for January

Table 3.
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denominator (F2). This support§ the contention that the loss of predictabil-
ity for the second month is not due to relaxation of the model to a mean state
but due to large differences in the evo1utioﬁ of the dynamical system repre-
sented by the model.

Table 3 also shows that thé\values of F1 have decreased for 26 out of
38 areas (although decrease for most of the areas is very small). A possible
reason for decrease in Fy could be a model deficiency, as mentioned abqve,
thét all model states were similar. We have shown above that this is not the
case bécause Fo has increased. Since Fj is a measure of variability among
the different box means, large deviations of control and perturbation runs
will lead to reduction in tﬁe value of F; from January to February. It
is important to note that this indeed is the case for the present model. If
all the model simulations for the second month relaxed to the same state, the
prospects for dynamical predictability with this particular model would have
been quite hopeless. However, since the lack of predictability for fhe
second month is due to the large deviations between the dynamically evolving
flow fields, it is conceivable that, with the use of more realistic dynamical
models and accurate physical parameterizations, the limit of predictability

of time averages may be extended beyond one month.

6.2.2 Variability among the control runs for January and February:

We know that the initial conditions for the three control runs were as
different as three randomly chosen years, and thereforé, standard deviation
among them gave a measure of interannual variability. If these initial con-
ditions relaxed to a very similar model state for the second month, the
standard deviation for the second month (February) should be‘smaller than

the interannual variability. Figure 12 shows the zonally averaged standard
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deviation among the three control runs for January and February for 500 mb
geopotential height. It is seen that the variability among the three control
runs for the second month is indistinguishable from the variabi]fty for the
first month. This provides an additional support to the contention that the
reduction in F and the loss of predictability of the second month is not due
to the relaxation of the model to the same state, but due to large errors

between the control and the perturbation runs.

6.2.3. Error between control and perturbation runs:

We have also calculated the magnitude of the error between a control run
and its perturbation runs. The differences between the control and its pef-'
turbation increase steadily with an increase in the length of integration,
and we have shown that the magnitude of this difference for the second month
is Targe enough to be comparable to the differences between the obgerved
monthly means. The error E (¢), which is a measure of the root mean square
error among the monthly means due to random perturbations, for any latitude

b, is defined as:

2n [ 2 ' 2 2 z7 '
{(My = Mp)e + (Mg = M13)% + (M - My3)e + (Myy - Myp)

+ My = Mag)Z + (Mg = Mpg)2 + (Mpp - Mpg)? + (Myy - Myg)2

+ (Mpg = Mpg)? + (Mgq - M35)2 | da

where Mjj refers to the grid point value of monthly mean sea level pfessure
for run number Cij (refer to Table 1) and integral over A denotes infégra]
over all longitudes (72 grid points for d=5°) along the latitude §.

Figure 13 shows the zonally averaged values of E(¢) for three different

averéging periods. Dotted, dashed and solid 1ines, labeled as J, JF.and F
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refer to the monthly means for days 1-31, days 16-46 and days 32-60 respec-
tively. Tﬁe corresponding value of E (¢) among all possible combinations of
16 years (1962-1977) of observed monthly mean sea level pressure over the
Northern Hemisphere are shown by a thin solid 1ine. Except for thé Tow
latitudes, the average error among the control and the perturbation runs for
day 32-60 is comparable to the observed differeﬁces between Jaﬁharies.of dif-
ferent years. Thisclearly demonstrates that the model simulated monthly
means for the second month are not relaxing to the same value but they are
perhaps as different as possible for the prescribed external forcing.

The dash-dot line in Figure 13 gives the ratio of observed E(¢) and the
model E(¢) for February. In agreement with the results of Charney and Shukla
(1980), it is found that the ratio is maximum in low latitudes. This supports
their hypothesis that large fraction of thé interannual variabi]jty of the
monthly means in the low Tatitudes may be related to the changes in the

slowly varying boundary conditions.

6.3 Model limitations

As mentioned earlier, a major deficiency of the present model is the
underestimation of day-to-day variability near the poles. Variability of
monthly means for days 32-60 is also smaller than the obsefved variability
near the poles. Figure 14 shows the zonally averaged standard deviation for
16 years of observed January means, and monthly mean:(days 32-60) for 9 model
runs. The largest discrepancy is found to occur near the winter pole. North
of 60°N, the model variability is only about 60% of the observed variability.
This is related to a major model deficiency that the upper tropospheric-lower

stratospheric temperatures are very cold compared to the observations and the

zonal winds at the upper levels are quite large. Removal of such systematic
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and serious deficiencies of the general circulation models will be a prere-
quisité for their utility as forecast models for dynamical prediction of
monthly means. |
It should be emphasized that we have subjected this model to a rather

rigorous and perhaps even unfair test for its predictability by imposing cli-
matological mean boundary conditions for integrations starting from observed
initial conditions. Since the initial conditions are not quite consiégent
with the imposed stationary forcings, and since the model does not simulate
the stationary circulation realistically, spurious travelling wave components
are generated and tend to make the model unpredictable from the very begin-
ning of the integration. If all the integrations were started with the cor-
responding observed boundary conditions, it would reduce the amount of initial
inconsistency between the initial dynamical state and the underlying forcing
and therefore it might reduce the errors due to spurious travelling waves.
We are examining this aspect in a separate study of dynamical prediction of
monthly means and its verification against the observations.

| We should also summarize other known model deficiencies which may have a
bearing on the present results and their interpretation. Straus and Shukla
(1981) have shown that although the total variance simulated by the GLAS model
s not too unrealistic, the cyclone wave variances are overestimated and the
Tow frequency planetary wave variances and the stationary variances are signi-
ficantly underestimated. This will tend to reduce the variance among the
monthly means. Since we have.no reason to believe that the reduction in the
variance among control runs will be smaller than the reduction in the variance
among the perturbation runs, we conclude that this particular deficiency of
the model may not alter our conclusions. On the other hand, since the

cyclone scale variances are overestimated in the GLAS model and since these
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scales are known to grow rapidly and contribute towards the unpredictability
of larger scales, we will tend to overestimate the variance among the pertur-
bation runs. Since the differences among the control runs is very large at
the initial time itself, dynamic instabilities cannot make them ahy more
different from each other. It is, therefore, reasonable to conclude that
this particular deficiency of the GLAS model tends to underestimate the pre-
dictability, and if the model was more realistic in simulating the cyctone
scé1e variances, the theoretical upper limit of dynamical predictability
would have been larger. It should be pointed out that one of the major moti-
vations of carrying out this study, in contradistinction to a stﬁdy in which
one compares the model generated forecasts with the observations, was to com-
pare two different properties of the same model rather than comparing the
model results with the observations. Model results are generally compared
with the observations to determine the skill of prediction and its operational
usefulness. This is not the objective of this study. Here we are addressing
a different question: Is there a basis to make dynamical prediction of
monthly means?

Although we conclude from this study that monthly means are potentially
predictable with dynamical models, it is to be seen whether the skill of such
a prediction will be any better than that of a statistical prediction scheme.
It is Tikely that a combined statistical-dynamical approach may have more

skill than either a pure dynamical or a pure statistical approach.
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7. Summary and Conclusions

The GLAS general circulation model is integrated for 60 days with 9
different initial conditions. Three of the initial conditions are the 6bser-
vations on January 1 of 1975, 1976, 1977. Six other initial conditions are
obtained by adding random perturbations, comparable to the errors of observa-
tions, to the three observed initial cnditions. For all the integrations,
the boundary conditions of sea surface tembé?ature, sea 1cé, snow, and soil
moisture are the same as their climatological values changing with season.

We have carried out an analysis of variance to compare the differences
of monthly means predicted from largely different observed initial conditions
to the monthly means predicted from randomly perturbed initial conditions.

If the variability among the monthly means predicted from very different
initial conditions becomes comparable to the variability for randomly perturbed
initial conditions, it is conc]uded that the model does not have any predict-
abilty beyond that period.

It is found that the observed initial conditions in different years have
1argé differences compared to the errors of observation, and different plane-
tary scale configurations retain their identity at least up to one month or
beyond. The predictability limit for the synoptic scale waves (wavenumbers 5-
12) is only about two weeks, but for the planetary waves (wavenumbers 0-4) it
is more than a month. We have shown that there is a physical basis to make
dynamical prediction of monthly means at least up to one month.

For climatological mean boundary conditions, there is no potential for
the predictability of the second month (days 31-60) because the monthly means
predicted from largely different initial conditions become indistinguishable
from the monthly means predicted from random perturbation. It is encouraging

to note, however, that the lack of predictability for the second month is not
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because all the model integrations converge to the same mean state but because
of very 1ar§e differences due to random perturbations in the initial condi-
tions. This suggests that it is possible, at least in principle, to extend
the predictability 1imit even beyond one month by improving the model, the
initial conditions, and the parameterizations of physical processes.

In this paper we have examined only the dynamical predictability with
climatological mean boundary. conditions. Thgre could be additional pfedicta-
bifity due to fluctuations of the slowly varying boundary conditions of sea
surface temperature, soil moisture, sea ice and snow. There is sufficient
observational and GCM-experimental evidence to suggest tha the fluctuations-
of sea surface temperature and soil moisture in low latitudes produce signi-
ficant changes in the monthly and seasonal mean circulation. Likewise, if
the anomaly of sea surface temperature, sea ice or snow is of large magnitude
and of large scale, it can produce significant changes in the mid-latitude
circulation. Due to the presence of strong instabilities in the middle
latitudes, boundary effects have to be.sufficiently large to be significant.
However, there seems to be some evidence that the fluctuations of the heat
sources in the tropics can produce significant changes in the extra-tropical
latitudes, and, therefore, there is potential for additional mid-Tlatitude
predictability becaue of its interaction with low latitudes, which are more
predictable due to strong influence of the slowly varying boundary conditions.

i
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8. Suggestions and further considerations

One of the serious limitations of the present general circulation models

seems to be their inability to simulate the stationary circulation. This

problem seems to be common to dynamical weather prediction models also because

predicted fields show systematic geographically fixed error structures. The

following factors may be cited as possible reasons for incorrect simulation

of monthly mean fields:

i)

i1)

iii)

iv)

. e - -

Inadequate horizontal resolution: Errors in small scales may affect

the Targe scales.

Inadequate vertical resolution, location of the upper boundary, and

upper boundary condition: Most of the models do not treat adequately

the vertical propagation and damping of stationary waves

Inadequate treatment of orography: Either due to coarse resolution

or due to improper finite difference treatment, flow over and around
mountains is not well simulated.

Diabatic heating processes over land and ocean: Due to inadequate

parameterization of boundary layer, convection, cloud-radiation inter-
action and physical processes at ocean and land surfaces, the vertical
structure of the diabatic heating field is not rea]istic and therefore
the forced stationary waves are not realistic. That in turn causes
the amplitudes and locations of the storms and their tracks to be
unrealistic. If the stationary component of the circulation is not
simulated correctly, the discrepancy will also manifest itself into

the propagating components of the circulation.

The results of the present study and the results of several other long

range prediction studies by Miyakoda (personal communication) suggest that
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the prospects of useful Tong tefm dynamical prediction will largely depend
upon our ability to develop highly accurate dynamical models which can realis-
tically simulate the stationary and the transient components of the circula-
tion.

The present generation of dynamical models have already demonstrated a
degree of versimilitude which justifies a systematic program to establish
the feasibility of long term dynamical prediction. What is needed ffrgt is
a Qery systematic evaluation and intercomparison of dynamical models to
determine the precise nature of their weaknesses in simulating the structure
and amplitudes of stationary and transient circulations. This is beyond the
scope of any individual research scientist and it requires an institutional
and organizational framework to begin such a massive undertaking. It is
perhaps fair to say that the physical basis and justification to initiate a
program of dynamical long range prediction today is at least as strong as
was the basis to start numerical weather prediction 25 years ago, and like-
wise, a systematic program of long range dynamical prediction will undoubtedly

increase our understanding of the dynamics of atmosphere and ocean.
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