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Based on the complete dynamical equations of the moist atmospheric motion, the qualitative theory
o nonlinear atmosphere with dissipation and external forcing and its applications are discussed system-
atically by new theories and methods on the infinite dimensional dynamical system. The completely
nonlinear dynamical equations of the moist atmospheric motion with dissipation and external forcing
are rewritten as an equivalent operator equation (OEq) in Hilbert space, and the properties of operators
and their physical senses are studied. On the basis of them, the existence of global attractor (GA) of the
moist atmospheric system is proved, and the characteristic of nonlinear adjustment to external forcing is
revealed, Furthermore, the results mentioned above are extended to the cases with topographic
dynamical effect and non—stationary external forcing. Meanwhile, the existence of the inertial manifold
of atmospheric equations is discussed. On the basis of theoretical results, this paper presents three classes
of time boundary layers (TBLs) existing in the forced dissipative nonlinear (FDN) system, the principle
of simplification of atmospheric equations, the constraint principle of operator for splitting algorithm
and the constructive method of a few freedoms to support the base of attractor, Besides, the applications
of the theoretical results to the design of difference scheme and the computational stability (CS) analysis
of nonlinear evolutionary equations and the numerical analysis of atmospheric multiple equilibria
(MEs) and the improvement of extended forecast of numerical models and the short—term climate fore-
cast and the analysis and prediction of one class of mesoscale system are discussed, and the necessary
conditions possessed in the dynamic models describing the long—time process are pointed out, and a ra-
tional explanation of the harmonization of initial values with model is given, Finally, the future studies
are prospected.
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1. INTRODUCTION

The atmosphere is an infinitely dimensional dynamical system. Its evolution can be
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described by a set of partial differential equations, and the studies of atmospheric dynamics
and numerical weather forecast are just involving these equations and their various simpli—
fied forms''™, However, they are very complicated nonlinear equations with dissipation and
external forcing. For a long time, there are short of theories and methods used to deal with
this kind of system in mathematics, so the traditional dynamical meteorology is limited ir the
frames of theory of the linear system and the nonlinear conservative system. Unfortunately
there are essential drawbacks which are unable to be overcomed in these theories for the
long—term process and the climatic variation and the meso— and micro—scale convective sys-
tems. Thus the modern atmospheric dynamics calls for new basic theory of dynamics, the {orc-
ed dissipative nonlinear (FDN) dynamics“""s_ﬂ. It is only the last ten or more years and ago
that the investigation of the FDN dynamics began!!*3715:18-24

The FDN dynamics involves the long—time behavior of system, ie., the global
asymptotic characteristics of solutions of system in the mathematical sense. In the under-
standing of the global asymptotic characteristics of solutions for nonlinear equations, there
are difficulties unable to be overcomed in all of the traditional indirect methods (ie., the
analytic methods), the numerical methods and the experimental methods!**71+18) Therefore,
we have to find the other way, the qualitative theory of differential equations. The properties
of solutions and the main characteristics of nonlinear system can be understood directly from
the characteristics of equations themselves by the qualitative methods, which do not need to
solve analytic expressions of solutions, It seems, thus, that the qualitative studies are not only
very necessary but also inevitable for the discussions of the global characteristics of the
dynamical equations of atmospheric and oceanic motion,

Chou'" initiated the qualitative theory on the dynamical equations of FDN atmospheric
motion with dissipation and external forcing. He proved the large—scale atmospheric ejua-
tions can be succinctly written as an operator equation (OEq) in Hilbert space, and studied
the properties of operators; and proved that there exists an absorbing set for the large—:cale
atmospheric system in R", no matter what the initial value is the state of system is bourd to
evolve into it, and that the volume of the final state set is zero!** Later, the above results were
extended respectively to the cases of the infinite dimensional Hilbert space, the large—scale
dynamical equations of oceanic motion, the large—scale air—ocean coupled system and the
non—stationary external forcing by Refs. [13], [16], [17], and [19]. The unique existence of solu-
tions of the initial problem and the global attractor were obtained, and it is proved that
Hausdorff dimension is limited, and its estimated value was given. And then a series of studies
were carried out! %! The qualitative theory of dynamical equations of atmospheric and
oceanic motion was discussed systematically and completely in the reference [18], and the char-
acteristics of the long—time evolution of system were revealed. On the basis of theoreticul re-
sults, Chou and his cooperators!!!-!:18.26-31] inquired into some concrete applications, and ob-
tained some good results that show broad applied prospect of the qualitative theory of the
FDN dynamics,

Much of known work on the qualitative theory was devoted to the dry atmosphere, little
is studied at present about the moist atmosphere. The complete atmosphere should be the
moist atmosphere because the latent heat of phase change of moisture is the main form of
diabatic heating. Based on the complete dynamical equations of the moist atmospheric mo-
tion, the qualitative theory of nonlinear atmosphere with dissipation and external forcing and
its applications are discussed systematically, This work is both a summary for known studies

during the last decade and more and a deepening study. Meanwhile this paper presents ome
new views and applications,
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2. THEORY

2.1 A Special O Eq in Hilbert Space

Adopting the system of spherical coordinate 2, 6, r(/, 6, r are the longitude, the latitude
and the geocentric distance respectively) and introducing the vector function ¢, the complete-

ly dynamical equations of the moist atmospheric motion can be written as equivalent OEq as
follows!'®-22l.

'if J‘}+ [N@)+ Li@o= &), )
) fPJ;=n=(pn- (2}

Because of space limitation, see references [18,22] for the concrete form of every term in
Eq.(1). The domain of solutions of the operator equation is the whole atmosphere enveloping
the carth, In Hilbert space, N(p) and L(p) have the properties as follows: (1) N(¢) is an
anti-adjoint operator, L(p) a self-adjoint operator; (2) L(p) is symmetric, N(¢)
anti--symmetric; (3) L(¢) is a positive operator.

The operator N(¢) contains the actions of the nonlinear advection, the Coriolis force, the
spherical curvature, the pressure—gradient force and the gravity etc, In physical sense, it repre-
sents the reversible adiabatic processes of energy conversion and the inconvertible processes
for the energy forms. The anti—adjoint property of N(¢p) indicates that the total of energy con-
version caused by the above processes contained in N(¢) is zero. The operator L(¢) represents
the dissipative effects of the system that are the irreversible diabatic processes. Because
(L(@)p, @)= 0O, the friction and the dissipation are always to lower the quality of energy of the
system, le,, make certain energy become the form of unable work from of able work, The
above statement seems to show the negative effect of dissipation. For an open system, howev-
er, indeed, the dissipation has particularly positive valuel®6:18:26]

2.2 Asymprtotic Behavior of Solutions Existence of Global Attractor (GA)

Theorem1 There exists the GA A of OEgs (1) and (2).

The theorem shows that the atmospheric motion governed by OEgs (1) and (2) is closer
and closer to 4 as time increases, The GA A4 stands for the final state of the system, and is ca-
lled the atmosphere attractor, It involves the long—time behavior of the system, so it is also ter-
med the climatic attractor. The existence of the GA A4 reveals the characteristic of the
nonlinear adjustment of the atmosphere system to the external forcing, and shows that the
property of dissipative structure is a basic characteristic of atmospheric motion. Points out of
A represent the transient process, so evidently the system has the irreversible characteristic.

2.3 Case with Topographic Effect

The lower boundary conditions of the studies mentioned above are the case of surface
viscosity, The topographic forcing, however, is also very important for the atmospheric mo-
tion. So a further consideration is whether the above conclusions are true under the

topozraphic effect. The answer is in the affirmation, The references [18,32] have the details of
the proof,

2.4 Case with Non—Stationary External Forcing

The real external forcing of the atmosphere is non—stationary. For understanding and
forecasting of large—scale weather and climate, it is also basic that the regularity of atmospher-
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ic motion with the non—stationary external forcing is studied, In reality, the external forcing is
always bounded. For the periodic and semi—periodic external forcing, the existence of GA
can be proved®!¥ by the theory of non—autonomous differential dynamical system™ ™"

2.5 Inertial Manifold

The inertial manifold M;”ﬁ_"‘s] is a limited dimensional invariable smooth manifold. [t at-

tracts exponentially the solution trajectory of the system, and the GA is on it. Because the GA
may be an unsmooth manifold and the speed of convergence of the solution trajectory to it is
not exponential, it is significant that M; is studied for further dynamical analysis and numeri-
cal calculation.

For the equations of large—scale motion!" ™% 7 they can be transformed into an initial
problem of a class of nonlinear evolution equalion“”, and its GA A4 and inertial manifold M,
can be obtained by the truncated lechnique[”].

2.6 Source of Atmospheric Multiple Equilibria ( MEs)

[39-42] 43.44]

Both the rotating annulus experiments and the observational facts' on the atmos-
pheric circulation show that there can be MEs in the atmospheric circulation under the same
external forcing. From the initial studies of Charney et al.'“**! on the atmospheric MEs.
many authors! 2 discussed the MEs phenomenon using the similar method, which is the
truncated spectral model, Chou et al 1189 jnvestigated the source of atmospheric MEs.

The problem of MEs is the boundary value problem of solutions for the equations of sta-
tionary atmospheric motion. So, Eq.(1) becomes

N(plp+ Lipp= E(@), ?3)
The boundary value conditions are the same as in Eq.(1). For the stationary equations of
moist atmospheric motion, it can be proved[ls‘m that the stationary solution is either unique
or non—existential and in any case multi—solution does not exist if nonlinearity, dissipation or
external forcing is left out. This shows that the joint action of nonlinearity, dissipation and ex-
ternal forcing is the source of the atmospheric MEs; ie,, the atmospheric MEs are a kind of
the nonlinear mechanism with the interaction between dissipation and external forcing.

2.7 Effects of External Forcing, Dissipation and Nonlinearity on the Solutions

It can be proved that the long—time behavior of solutions of the FDN atmospheric sys-
tem is essentially different from that of the adiabatic non—dissipative (AND) systen, the
adiabatic dissipative (AD) system, the forced non—dissipative (FND) system or the forced
dissipative linear (FDL) system by the Hilbert space methods!™'*#!: (1) For the AND atmos-
pheric system, there is the conservation of energy and the effect of initial value does not decay
up to infinite time, and there is no attractor in it, The existence of attractor is essential distinc-
tion between the chaos of the dissipative system and that of the conservative system, although
there may also be chaotic motion in the conservative system. Besides, the adiabatic system
without dissipation is reversible process, (2) For the AD atmospheric system, it is the global
exponential stability, and there is unique final state that is not associated with initial value.
The final state is just the stationary solution of the system, From this we can conclude that the
regular motion will stop if the system does not obtain the supplementary energy from the out-
side, and that the motion of dissipative system without external forcing will become more and
more identical and monotonous in evolution, and therefore the difference and the
particularity in motion will disappear unavoidably, These show that the external forcing is a
necessary condition for keeping the activities of the system with dissipation. (3) For the FND
atmospheric system, there is no attractors. As time increases, the energy of the system will ac-
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cumulate continuously and tend to divergence. It follows that the external forcing and the dis-
sipation supplement each other for the real atmosphere, and that the other one must be
omitted if one of them is left out, and that it is unmatched in the physical that the other one is
left out if one of them is retained. Therefore, they are either left out together for the
short—term motion or retained together for the long—term motion. Moreover, the above re-
sults show that the dissipation is a global stable factor of the system and a necessary condition
for keeping global stability for the system with external forcing. (4) For the FDL atmospheric
system, there exists unique stationary solution, and the effect of initial value will decay to zero
as time increases, and there exists a unique asymptotic state which is not associated with ini-
tial value, i.e,, the asymptotic behavior of solutions shows the structure of stationary solution,
In addition, there is no chaotic phenomenon in the FDL system. It seems, thus, that the
nonlinearity i1s a necessary condition for arising chaos,

3. APPLICATIONS

3.1 Three Classes of Time Boundary Layers (T BLs)

There exists a GA in the atmosphere. Any state out of the GA must be attracted to the
GA, and the approximation process to the GA is very quick and the rate of approximation is
almost exponential (Out of the inertial manifold it is exponential), Thus, the adjustment to the
final state determined by the given external forcing is a fast process, and the state out of the
GA is the transient state, The attractor is an invariant set and has the property of relative sta-
bility and may be regarded as a kind of equilibrium, so the motion of the state on the
attractor is a slowly varying process. It may be concluded that there exist two kinds of charac-
teristic time scales in the atmospheric system, which are the fast adjustment process to the
attractor and the slow evolutionary process on the attractor, when the external forcing is sta-
tionary or its variation is very slow, Moreover, there exists the third time scale, i.e,, the slower
evolutionary process of the macroscopic state versus external parameters than the above two
kinds of processes, when the external forcing varies. These are three kinds of time scales main-
ly existing in the atmospheric evolution, which was pointed out by Choul*SH1

Zeng[“"“"s” presented the concept of TBL when he discussed the adjustment process and
the cvolutionary process in the adiabatic non—frictional atmosphere. Here we extend the con-
cept to the FDN atmosphere; i.e., according to the properties and characteristics of the atmos-
pheric motion we introduce three classes of TBLs, the first, the second and the third TBL, The
third TBL is also called the inner TBL. As shown in Fig. 1, the inside of the first TBL is with a
quick adjustment process of the state from out of the attractor to the attractor; the outside of
it there is an evolution on the attractor, a system corresponding to an FDN system with the
stationary external forcing. The second TBL is a layer including the first TBL and the evolu-
tionary process outside of the first, The outside of second TBL is in a slower evolutionary pro-
cess of macroscopic state against external forcing, i.e. corresponding with the third kind of
time scale. In this circumstance, the system should be regarded as an FDN system with the
non-stationary external forcing. Additionally, within the time scale of dissipation, the atmos-
phere may be regarded as an adiabatic and non—frictional system, and there are geostrophic
adjustment and evolutionary process as usual, In this case, TBL is the inner (third) TBL of
FDN atmosphere, and the corresponding system is the adiabatic non—frictional conservative
system. The above discussion reflects the self—similar structure of FDN system in TBL. Based
on the concept of three classes of TBL, the adjustment and evolution process of FDN atmos-
phere can be discussed clearly and be applied to the design of splitting algorithm,
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FIGURE |. The TBL in the FDN system,
3.2 Constraint Principle of Operator for Simplifying Equations

The atmosphere equations may be simplified in the investigation of the atmospher:c dy-
namics and designing the numerical models, In order to obtain the simplified equations with
the harmonious and consistent dynamical relations that do not distort the essential properties
of original equations, the properties of the corresponding operator in the equations before
and after simplification should be kept unchanged according to the theoretical results men-
tioned above. This is a principle of correct simplification, The simplified equations under the
principle should not have false source or sink, and should have the GA and keep the global
properties and the physical essence of the original equations, Chou'™* pointed out the princi-
ple long ago. The idea is specified in the references [18, 58].

3.3 Design of Difference Scheme and Computational Stability Analysis (CSA) of FDN Evolu-
tionary Equations

The numerical solution of differential equations is an approximate method. It involves
the construction, the computational stability and accuracy analysis of the numerical
scheme!® 2 The numerical solution of partial differential equations is a method that uses a
limited dimensional system instead of an infinite dimensional system, so the operator equa-
tion becomes the other state space from one state space. The principle that properties of opera-
tors are not altered should be kept in order to hold the physical laws of original system s far
as possible. This is a restricted principle of the design of numerical scheme. Only with the prin-
ciple the better difference schemes can be gotten[ 8] 1t is one of methods keepinz the
anti—adjoint property of N that the well-known complete square conservation is kept in the
design of difference scheme,

Here illustrates briefly an application of the rule in the nonlinear CSA, Hereafier let
N(p *)and L(p * ) be the general discrete forms of N(¢) and L(p) respectively, then Nig * )
is an anti—symmetric matrix and L(p * ) a symmetric positive matrix. For Eq.(1), it is very dif-
ficult that the CSA for its difference scheme is studied. In general, it is studied only when
&= 0% For the case of £# 0, there is no result at present, So, it is necessary that the con-
cept of computational quasi—stability (CQS) is introduced as follows.

Definition 1!'”); If time step length is sufficiently small, the numerical solution computed
by the difference method satisfies

lo" "< lo"ll + 1, (4)
where c¢is a constant depending on [¢||, then the difference scheme is called
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the computational quasi—stability (CQS) scheme.

When {= 0, ¢=0. Thus, the CQS in this case is Just the CS. The CQS is a necessary condi-
tion of CS, In reality, the scheme with CQS is often CS. Here discusses only the basis of CQS
for the case of ¢5*0 because of the complexity of nonlinear problem, The general difference
scheme of Eq.(1) is given as follows:

n+l

(o @")/ T+ [N ")+ Lo " NMap"™ '+ (1— a)p"]= ¢,  0< a< 1 (5)

Theorem 2 The difference scheme (5) of Eq. (1)is CQS when 1 / 2< a< 1.
The scheme (5) is CS when ¢= 0, which is the same result as in the references [59-62). Be-
sides, the better results can be obtained for the linear equation of Eq.(1)"®,

3.4 Constraint Principle of Operator for Splitting Algorithm

A lot of studies on the splitting algorithm have been carried out'®=7 The splitting princi-
ple is the most important in the splitting algorithm, Depending on the above results, this pa-
per presents the constraint principle of operator of splitting algorithm, i.e., the operators in
the splitting equations should be kept the same properties as the corresponding operators in
the original equations. It can be radically ensured that the splitting equations.under the princi-
ple do not distort the intrinsic overall properties of the original equations. Moreover, it is con-
venent and clear that the equations are split by the principle, and its physical sense is also
very distinct,

There is nonlinear adjustment to external forcing in the FDN atmosphere, thus, the first
level splitting of Eq.(1) can be written as

L+ Ligk=¢, 6)
ct
S+ Nplo= 0, ™

That is to say, the processes represented by the external forcing ¢ and the dissipation L(p) are
the slow evolutionary processes of the system, and the processes represented by N(¢) are fast-
er processes than ¢ and L(p). Eq.(7) includes fast and slow processes, i.e., the geostrophic ad-
justment and the evolutionary process, So, we have the second level splitting of (7):

%f+ Nip=0, i=12 @8)

where Ny, N, represent adjustment and evolutionary process respectively. Both of them are
the anti-adjoint operators, In order to improve co mputational efficiency, the third level splitti-
ng of (8) can be carried out. Eq. (6) may also be re—split, i.e.,

é 7 '

=+ Lig=§, 9)

ct
wheie all of L; are self-adjoint operators, The reference [18] gives the concrete examples,
3.5 Constructing a Few Freedoms.to Support the Base of Attractor

[n the infinite dimensional Hilbert space, the limited set of solutions of atmospheric sys-
tem is able to contract to the limited dimensional manifold, so, theoretically, the asymptotic
behavior of the partial differential equations of atmosphere can be described accurately by
one limited dimensional ordinary differential equations set, In this way, the problem becomes
simple. It is of applied importance, However, it is the crux that the dimension of system is esti-
mated accurately. Unfortunately, there is no a completely and exactly estimated method for
obtaining the dimension of attractor so far, Even so, we can still find another way. Because
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the freedoms to support attractor are infinite, it means that the motion of system will more
and more concentrate on a few preferred modes in the evolution process, the successful
macro—description for the evolution of system can be gotten if these modes are caught, The
reference [26] gave a kind of empirical method for getting a few freedoms to support the base
of climatic attractor, i.e., the empirical preferred modes were gotten based on the empirical
orthogonal function (EOF) of solutions of the model, and the model is simplified by them.
The authors have carried out some numerical experiments using a theoretical model and veri-
fied the feasibility and effectiveness of the method. The work on this, however, is rather
insufficient.

In addition, this empirical method is based on the real evolution of system (ie., the
observational data), so it can be adapted to the demands of the variable external forcing of
the atmosphere, The simplified model got by the method can adjust itself to change in the pre-
ferred modes of the system. It can be correspondingly modified as the preferred modes of sys-
tem change. If we introduce the method to the numerical models, the micro—scale or minor
waves can be filtered out and the long—term waves can be retained, so that the numerical fore-
cast can be improved and extended effectively, It follows that the work on such aspect needs
to be developed deeply.

3.6 Essence of Harmonization of Initial Values ( IV s) with Models

It is well-known that the phenomenon of initialization shock will occur if the
observational data are used as the I'Vs of models. This shows that the observational cata are
generally not harmonious with models, and so it is necessary that the observational (Vs are
handled. Here it must be pointed out that the errors of I'Vs are not related to whether the 1Vs
are harmonious with models. Based on the results of this paper, the final state of solutions of
all IVs for the dynamical equations of atmosphere is a limited dimensional GA. That is a
point set, referred as to A; its space—volume is zero in R" O 1t is zero probability that the I'Vs
determined directly by the observational data are on the 4. That is to say, the I'Vs dete rmined
directly by the observational data generally are not in the state of attractor, and so they are
inconsistent with the real atmosphere and inharmonious with the equations of models. It is

simply the essence!'!! that the IVs are handled so that they are harmonious with the models in
numerical forecast.

3.7 Numerical Analysis ofthe Multiple Equilibria

The MEs of the atmosphere are the result of the joint effects of nonlinearity, dissipation
and external forcing. Therefore it is necessary that the FDN models are adopted for the stud-
ies of the MEs in the atmosphere. Only in this way can the successful explanations be
given for the MEs phenomenon got by the observations, From the initial work of Charney et
al > (il the other numerical experiments and analysis for MEs!“’~2_ all of models are the
FDN model. So these studies verified the above conclusions from another aspect,

3.8 Necessary Conditions of Dynamical Models Describing the Long—Term Process

According to the qualitative theory of the dynamical equations of the FDN atmosphere,
the forcing, the dissipation and the nonlinearity are in general the basic factors that must be
considered in the long—term process. Therefore a simplified dynamical model describing the
long—term process must be FDN evolutionary equations, neither AND nor linear., Only in
this way can the long—time behavior of solutions of the original system not be distorted

qualitatively; otherwise we cannot obtain the convincing long—term numerical weatker fore-
cast and numerical climatic forecast,
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3.9 Importance of the Information on the Natural Patterns of Anomalous Underlying Surface
Factors

Based on the result of the FDN system with the nonlinear adjustment to the external forc-
ing, the forcing effects of underlying surface factors, specially the information on the natural
patterns of significant anomalous underlying surface factors and their nonlinear interactions,
should be firstly considered for the numerical simulation and forecast of the monthly and
seasonl time scale. The references [29,30] made the significant studies for this, and applied the
prescnt approach to the numerical models for improving the forecast for the precipitation of
the flood season in China. Their results indicate that the approach is great promise for im-
proving the long—term prediction, so it is worthy of further work.

3.10 Prediction for One Class of the Meso—Scale System

The physical models of a great class of meso—scale severe convective system,
theoretically, can be dealt with an FDN system subject to the force of underlying surface and
latent heat release under the control of large—scale background field with the given external fo
reing. The observational facts can also display this point!7*™ Based on the conclusion, the
referznces [27,28] discussed the characteristics and the predictive methods of this class of
mesc —scale convective system caused by the underlying surface force and pointed out that the
mesc —scale force of underlying surface plays a decisive role in the formation and development
of this kind of meso—scale system, However, the problems on the characteristics and numeri-
cal forecast of this class of meso—scale convection system determined by the large—scale back-
ground field and underlying surface force await further investigation,

4. SUMMARY, PROBLEM AND VISTA

The long—term numerical weather forecast and the numerical climatic forecast involve
the long—time evolution processes of the system, Their theoretical foundations are the FDN
dynamics. Based on the complete dynamical equations of the moist atmosphere, this paper dis-
cusses systematically the global asymptotic behavior of solutions of FDN dynamical equa-
tions of the atmosphere, sums up and penetrates into the known work on this subject, pres-
ents some new viewpoints and applications, and tries to throw out a minnow to catch a whale
for developing further work. Obviously, the studies of the FDN dynamics are still just begun.
Morcover, there are many existed problems and further theoretical and applied subjects.

According to the results of the qualitative theory, there exists the GA in the atmosphere,
and it 1s also divided up by some attractors and the other unimportant and non—attractor
invariable point sets. It is still not given by the qualitative theory at present that what are the
structures and the properties of these attractors under the specific external forcing. The prob-
lems about these aspects are still far from being settled because of their difficulties. However,
the cell-mapping method is one of effective means for analyzing them™®%3!.76]

There exist the chaotic phenomena in time as well in space, i.e. the space—time chaos in
the aimosphere, Chaos produces in the certain space domains, but does not occur in the other
space regions. The finite dimensional dynamical system has not this property. The great ma-
Jority of the studies in the past focus on the chaos in the time domain, little on the chaos in the
space domain. So the theory on space chaos is the current pressing subject. It is a forward po-
sition which may well make significant break—through that the theory on the space chaos of
atmosphere system is developed and the space inhomogeneity of bifurcation and the space
chaos in atmosphere system are revealed by the observational data and the theo rym.

The qualitative theory, on the one hand, is to explain the observational phenomena in
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the atmosphere; on the other hand, to apply to numerical models in order to improve numeri-
cal forecast. The researches about these aspects have been carried out, and they also appear
quite promising, but it is still miles apart between them and operational use. Hence we should
devote major efforts to developing them in the future.

The qualitative theory has also the important applications to the reliability analysis of
numerical calculations. The reliability of numerical methods for nonlinear differential cqua-
tions with the transient chaos or the chaos is of sufficient practical importance to merit re-
search at present, and it is very important that the differences between the physical chao: and
the computational chaos are made clear in real application. The subject is of great value 11 the
computational meteorology as well as in the whole computational mathematics, It involves
the change of idea from the idealization of infinite precision to the reality of finite precision,
to which is paid little attention now, In one word, the qualitative theory is closely associated
with the numerical calculation, The results of qualitative theory not only are the important
theoretical foundation of numerical calculations, but also are helpful to improve numerical
methods. The results of numerical methods, however, provide concrete and abundant materi-
als to the qualitative theory. The combination of qualitative analysis and numerical calcula-
tions contributes to reveal the evolutionary law of FDN dynamical system As
Chou!** pointed out, it will be one of important characteristics of atmospheric sciences in the
21th century that the qualitative analysis and the numerical calculation supplement each oth-
er,
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