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Simultaneous Analysis of Space-Time Variability:
Principal Oscillation Patterns and Principal Interaction Patterns
Southern Oscillation

By H. V. Storch, U. Weese and J. S. Xu

With 3 Figures

rims-mum: 'l‘llc mrril-s of l-ln- nnulysin ll"|'l|llll|lll‘fi "1‘01"" [I-‘rin-
nilml Usr—illnI-iun .|:’::l.lrr.il) und “l’ll’” (Principal .lnlc-rHcl-iun
l’ati‘m‘n) ill‘f' rlcnmual-rait-tl by applying them in n cmnhinm‘l dann
5M- of surface iriml und sci: surface Lumw-rniuw nlmn; I-ln- "um:
l-uI'.

The. POP analysis i'lcl'.r.~r.[.~' n rlnn'iinnnl- lln'.‘-l'I'l‘qum-‘y HSE'lll-‘l-
lory murlo wil-ll u llim- sonic nl' ulmni- 2 (.n :5 31:12:12»; which mm lu-
identified as the.- Huuthcrn ()Siflllnlrltil'l. Willi n-spm-L In HH'I‘. ihn
mnrlc hnlnn'vs :rppi'uxilmtirly us a standing puttm‘n with Unix]-
mnm cxtrL-Jm'nx‘ in the. [.‘nnlrnl und {durum-u l’nririu. In [hr zumal
surface \riml. hnwurr‘r. zIn eastward propagating feature. mm In-
dctcctccl. The nwridionul wind runn'mnnnl. is less organized.
except for the occurrcma- of sunllwl'lv winds in tln- 'l‘laalur‘n
Pacific during thr “_pmzli phase" nf Ei Nifin.

'l'llc result of the l’ll’ :1 I'nilysis is essentially lln- Humr HH illnl-
of Ihn POP n-nnlysis, lexw-pl. for n seasonal Eli-.pnm|(~|'u:n of the.
system's stabililzy: rlist-m-lm-mm Henri Ln lw nmplil'iwl rim-inn;
April l.-{I .luly :n|tl (hamper! throughout l-ln? rest. of the. your.

Z-usrmm!nil-jasmmg: Dil‘ lllügliclllnriiün (h-r Amilysrn-I‘Iullrml
”POP” (Principal Oscillation Pattern) uml ‚.l‘ll’“ (Principal
lntcl'cation Path-I‘ll) worden tlislcltl-icrf- unhnml him-.5 Llicisph‘rls.
Der analysiert-n ]_lntnns=;1tz onl-hiilt Mortal-smith] rim.- IllKBI‘llEtgan-
nahen Windes snwin {lm- 02mnnl'nn'l'lEiclmnfmnpnrnlnr Iii-mix {has
Äquntm's im alisclwn und 'l’uaifisrhcn Oma-m.

Das POP-Verfahren filtert aus den Daten ein dominantes
Schwankungsmuster mit einer charakteristischen Zeit von 2 bis
3 Jahren heraus. Es kann mit der Southern Oscillation identifi-
ziert werden. III liming auf :lii- Oman:rt-mpi-rulirr urarlurinl. das
Signal als ein Htchrmlrs Muster mil' Extrt-mu im mniruli-n marl
östlichen liqImlnrinlpuxifik. In1 Znnnlwiml rem-.lysicrl. (his i’ll!"
Verfahren ein nndi {lau-n \\';1n(lvrmlo>: ‚Signal. Ihn: im lilillfit'lli'l‘l
()zcun zllrrst (-mr-lir-ilit Innl im Eisl lichen 'l‘naifilc l'llHSll‘llr'l'l-. In (ll‘l'
McrirlitmnIlmmlirmr-ntc (Ins: ll’inrlt‘n m'srrlwinl ln-in klurvs Signal
aligt'si-hcn wnn Südwind im Eisl-licln-n l’nzil’il; u-‘iihrcml rlcr
“peak phase” eines El Nino Ereignisses.

Das PIP-Verfuhrrn ll'l'll‘I‘PI‘e‘lileI‘lJ die Daten in fast gleicher
Weise wie das P(J'I‘-V:-riuhren. Im PIP-Verfahren wird aller-
dings zusätzlich eine Hnisnnnlr' 'Morlnlation der TJEiInpinngseigt-‚n-
schnftnn dos lJEEI-I‘ültlllf‘l'l'll Syslums berüvksirhtiglt. lh‘lnnmll
werden Störungen, tliv im April his Juli :.LuflrL-.tcn. \-'rr.~'l.:'irlil.
Andern Störungen “'vrdnn gmlii-mpft.

1. Introduction

“PIP” (Principal Interaction Pattern) and “POP”
(Principal Oscillation Pattern) analyses are multivariate
techniques to infer empirically the characteristics of the
space-time variations of a complex system in a high-
dimensional space. The basic ansatz is to specify a
low-order system with a few free parameters which are
fitted to the data. Then, the space-time characteristics of
the low-order system are regarded as being the same as
those of the full system. The POP analysis is in operatio-
nal use at the Max-Planck Institut für Meteorologie
a«nd has been used t0 analyze the tropical 30—60 day
Wave in a multi-year GCM run (Storch et al., 1988), and

with Applications to the

In III-High n Hlutislicral I'm-wund en-Inu In prcrliut the.
Hn'nli llt'l'n UH-illnl im? (X11 nml Niwfli, [“89].

The I’ll’ ans-111?. i”(mus-(hi!amt, WER} lH n fairly gem-rail
approach which :lll(':\\-‘:'-1 l’ur n llll'gt‘ vn-ria.-1y of mmph-x
HI'i-nnrinh‘, ll may lJt' .‘il'Pll im a pm‘lh'tnliu' misc til~ ”Hl-ntl‘
spar-I- InucIvIH” („werft-am}: and ll"r:r:m:. NS”). l’(Jl’:~=
(Shard; l‘l al., I983) may im nmlnrslnml in Luv unlnrnp-
1nn||_v diii‘r'rmn “11X5,I1:l-l}!l!l}"älHlif‘lllglllll‘lllillllilltlt'fiüllu
Iim-ar system and those |I:L-l':3t-II]{‘lt'l'F-i arr-r iam-wl from :1-
vector time series, or as a somewhat trivial case of PIPs.

The purpose of the present paper is to describe both
approaches (sec. 2 and 4) and to show results which were
nhtuinml by the simple I’DI’ (Ht-(1. 3), and [he more SIP
phialicui't-ril I'll’ analysis {xi-v. Ii) u'lnrn applied in thr-
Hmm- mmhinctl antjnnaly data set, cqu:1[nri;1-| zonal and
mr'rhliumil (:unun-nmns nl' lln: surface (10m) \riml und
{n'nlnlm'inl Him surfact- {Ellipt'l‘lIl-lll'r-r (SST).

2. POPS as Normal Modes

2.1. Normal Modes

The normal modes of a linear discretized system
m (1+ 1):A - m(t) (2.1)
are lhn (:igr-.-nvectors p of the matrix A. In general, A is
not H_\_’ll|lli{'l ric and some ur all of its eigenvalues it and
eigerrvw-lnrs p are complrx. l-lrn\\-':-.\-'(-r, since A is a real
mail-ix, thr mujnguln mmplux quantities 1* and 13*
satisfy also Hm i-igt-n-m'plalhm j] -p*: 2*;p*. ln must.
mans. :lll l'lili‘nvnllnrs n-I'tr i'lll'ftn'mll 11ml l.lll" i‘lgt-‘IIV{-‘.LII.IJI’S
i'm-In n |im::1rh:mi:;. tin,(rat-hrilalu-irnniy lIUE.'.X}}!'l.‘R:-il.=(l in
harms ul' Ihu vignt-w-Icrs,

90: E iz'
7

Since the basis of eigenvectors is complete, this ex-
pansion is unique, i.e.
0z22jpj<2>zjz0 forall j.

7'

(2-2)

(2-3)
'l.‘l1:-. coefficiunls of ihr- pairs of conjugate complex

uigimvectors are (:mijngnle cmnplex, too. Instanz-Eng (53.2
in (2.!) am! using (2.3) leads in a set of {line l-‘VOllll'-lU|i
equations for the coefficients 23(15):
zj(t+1)=ljzj(t) for 3.11 7'. (2.4)

If the eigrm-‘rihn- 2. is unn'lplcx, (2.4) may be writ-Len in
terms of l'lPEl-l qnanl flies hy ineIhn-ing Iln' notation
2:21 +1122: 3.1.: 21- 1-2-13, {12W n.nll w=lz1.11_](?.3fll):
210+ 1) _ cos (w) sin (w) 2105))
22 (t+1) ‘9 —sin (w) cos (w) 2%) '

As sketched in Figure 1, the system (2.5) performs a
damped rotation in the two-tilmcnsimml subspace span-

(2.5)
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SPIRALE
Fig. 1. Schematic diagram of the time evolution of POP coeffi-
cients
Abb. 1. Schematische Darstellung der zeitlichen Entwicklung
von POP-Keeffizienten.

nu-(l lay the real and imaginary part of the eigenvm-t or
1sl+ipz. From the complex cigi-nwtllw Ä two elm-
racloristic numbers can ln- (luriwd, the oscillation [am-im]
T: 2n/tan_1(12/11) and the e-folding time r=ln (ill) ’1.

In the original m—space the trajectory given by the
complex normal mode p is given by

2W) '191 + 220) “P2 ‚ (2-6)
which together with (2.5) lt'flt.l.‘~i to this inn-:rprctation: ii

at a certain time in the system is in sat-ate pl, it will he at

(11+ 7W: in Sl:-|.l.u —-p'3, at. time {0-i- W2 in stair. mpl, :11
r“ ..|. 3’)"e in p2, and event mill)! at lion: [9-2: In -|- ’3!" hack in
st ate 33'. (Jr, the system is general in); the L-ynlir. s1.-1pn-nc:-
of patterns
on. _,1)1_> _p2__‚ _pläpzäplä." (2.7)

2.2. Estimation of Normal Modes:
Principal Oscillation Patterns

All information used so far was the existence of a linear
equation (2.1) wit-11 some matrix .1. No assumption was
made where. this matrix originates: from. [n dynamical
theory, the origin of (33.1} are Iiiit-1:i.1'i:r.erl and l.'il$il:l'l'}l.-i?.t.'l.l
differential equations. in cast: of the PU]? analysis tin:
relationship
m (13+ 1)=A - a:(t) +n0ise ' (2.8)
is hypothesized. lt'lnltiplntation of (2.8) from the right-
hand side by the trm isposcd a3(t) and taking expectations,
(->, leads to
A:<ac (t + 1) 'mT(t)) - (we) - wT(t))’1. (2.9)

The nigem-‘cctors of (2.9), or, the normal modes of
(2.8} are called Princijmi Oscillation. Patterns. Their time
evolution is given by (2.5—6), superimposed by noise.

To estimate 5| L111.- lag covariance Ina-trip: (a? (t. + 1) x
Kmart!» and the covariance matrix (m(t)';r:l'(t)} are
eSi-lliltli 1-c in the usual way.

Criteria to decide whether a POP contains useful
information or if it should be regarded as reflecting
mcl'elysamplc properties are given by Sior’ckot-al. (1988).
The most important- rnlc-of—t-hnmh is related to the cross
spectrum of this ]-’Ul’ (am-.ffinienlis 21 and 23: at tho l’Ul.’
porioil it”, or at least. in the ncighhourhoorl of ’I', the two
time series should be significantly coherent and 90"
out-of plume, according to the int1-.Irpr'cml-i(111 given in
(2.7).

3. Example of POP Analysis

3.1. Data

A l’Ül-J analysis was carrier! out I'm" monthly mean (ulna-
torial sea snrfam- tmnperntin'cr (HH’I‘; und the zonal and
nun-idimml components of Hin-{21:20 ([0111) wind (it and ii}.

The :lul n sets wrro collected from ship data for t In: period
[RSI—limit and have been averaged on :1. 10°>< If!" la—

til.n:loi’longitin'lo grid I..=ol1t'err.‘<l alongtiii-:mpIn-t-tn'extend-
ing over tln- 'l'ln'lir' und l’auilir: oceans, i.1=., from 45° E

to 85° W.
rl‘lie purpose of the analysis; was to identify patterns

nimm-{5101151 ic- of tin: I‘ll Nif1<.>fSoIit.ln:1'n ():-u.-.illa-i-ion
pIu-nonn-nün. r[‘o Turns on that. prom-ms the Hl-PHHUIIa-l eye [1;-
is romowri anti tin: data are iiine—I‘ilton—ul prior to the
analysis: nil variations on tinn- sc-nles shorter than {:3
months and longer than 80 months Worn suppressed.
To lJI'tiV'ltlt‘ u simultaneous analysis of SST, ii n-ml n, 1-a
ilm-v vnrinlulos \\-'c1'1:su11h:1l t o Inn-1: mpinl spat i:.t|ly:1w-:r:t;_;_-
ed vurinnm.

To rooms-r the noise the POP analysis was made in the
SuliHIJiltil-E spanned by the first eight EOFs which explain
'72 0/0 of the variance.

3.2. Results

(inc r.:u1nplnx pattern with Ihn t:|1u-|'z'„utv:'isliu times:

osrillation period T232 months, u—l‘oltling l'inn: 1::(3-4

months would in: nientilit-fl by l‘ÜI’nnnlysis. 'l‘ln-r (1:11i-
ing ill't'll‘ should t.‘ [1(Ill9iflttl’l-‘ti will} cat-re, because it is

certainly i-ontnniiliated by the limo filtering. 'I‘hu cross—
GOI'l’t‘ll'tl Ion function of the POP coefficients xl anti 33 has

its maximum value, 0.72, ni n. Ing of ["1 months which

imlii.'.at-c,-.s that :1. quart-1w of the oscillation periml is; ti
Inornhs. ’l‘liis number is eonsislem. with W428 months

derived from the POP analysis.
The patterns 111 (solid line) and p2 (dashed line) are
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Fig. 2. Simultaneous analysis of SST anomalies, and the zonal
and meridional component of equatorial surface Wind anomalies
along the equator (45° E to 85° W). Upper diagram: SST,
middle diagram: zonal wind; bottom diagram: meridional
wind. Dimensionless units.
a) POPs. Characteristic times: oscillation period T=32 months,

e-folding time ‘L’ = 64 months. The characteristic POP cycle is:
101-» -192 -> —101+p2-

b) PIPs according to (5.1.2). Characteristic times: oscillation
period T=40 months, #0: —0.02, 2,, =0.04, tp=5.3 months.
The characteristic PIP cycle is: 101 —> —p2—> —p1—>p2.

Abb. 2. Ergebnisse einer simultanen Analyse von Anomalien
dreier mit der „Southern Oscillation“ verknüpfter physikalischer
Parameter längs des Äquators (45° EA85° W) : Ozeanoberflachen—
temperatur („SST“) sowie Zonal- und Meridionalkomponente
des oberflächennahen Windes („u-“ und „v-Wind“). Die drei
Parameter sind normiert, so daß die räumlich gemittelten
Varianzen von SST, u- und v-Wind identisch sind. Oben: SST ;
Mitte: u-Wind; unten: v-Wind.
a) Principal Oscillation Patterns —— die charakteristischen Zeiten

sind: Rotationszeit T =32 Monate, Dampfungszeit: 1::64
Monate. Der charakteristische POP-Zyklus ist: 101—»- 192—»
_‚ __ 1_> 2

b) PrindipalpInteraction Patterns nach (5.1.2) —- die charakteri-
stischen Zahlen sind: T240 Monate, x0: —0,02, xa=0,04,
tp=5,3 Monate. Der charakteristische PIP-Zyklus ist: p1»
" "102 " ‘101"P2

Shown in Fig. 2a. In p1 there are posit ive SST anomalies
Over the Central and Eastern Equatorial Pacific and the
Indian Ocean, and negative SST anomalies over Indo-
nesia. These anomalous SSTs are associated with
Westerly (easterly) wind anomalies in the Cent-ml Pacific
(Indian Ocean). The maximum of the warming lies to
“1‘? east of the lilaximum westerly wind. The n'lcridional
Wind component shows weak northerly (southerly) ano-
malies in the Central (Eastern and Western) Pacific. The
Pattern 112 describes south-westerly wind anomalies in
the Australian sector, but hardly any SST anomalies
“KDE-III. for some weak negative. ones in the .Intlixm Ocean.

The interpretation (2.7) applies to each observed
Variable (SST and both components of surface wind).

Z. Meteorol. 40 (1990) 2 101

If at some time the pattern p1 is observed—With wester-
lies at the date-line, southerlies in the eastern equato-
rial Pacific and above normal SST in most of the Pacific—,
it is likely that it will be replaced by —p2 after T/4:8
months with almost no SST anomalies, but north-easter-
lies north of Australia. After another 8 months, — p1
describes the state of atmosphere and ocean: the easterly
Wind anomalies are shifted eastward to the date-line and
the ocean is cooler than normal. 8 months later, pattern
132 emerges which eventually will be replaced by 131
again.

The anomalies described by this cycle suggest that the
zonal Wind signal propagates eastward, whereas the SST
anomalies are a standing oscillation. The characteristics
of p1 are typical for the “peak phase” of ENSO: see, e.g.,
the August—October composite of Rasmussen and Car-
]oenter (1982; see Fig. 20). Pattern 122 describes an inter-
mittent stage of the ENSO cycle: it can be compared
with the “onset phase” anomaly composed by Rasmussen
and Carpenter (1982; see Fig. 18).

That the patterns 111 and 112 describe the ENSO signal
can be supported by a cross-correlation analysis of the
POP coefficients and the SST Southern Oscillation
Index, SOI (Wright, 1984). The maxima of the cross-
correlation functions are Corr,:0(SOI, Z1): 0.64 and
Corr,:6(SOI, zZ) 20.53.

4. PIPs

4.1. State Space Models

Many complex dynamical systems, wElR", may con-
veniently be approximated as being driven by a simpler
dynamical system, 26R“, with a reduced number of
degrees of freedom, mén. Mathematically, this may be
described by a state space model which consists of a sys-
tem equation

2‘ (t + 1)=8F[z(t), 0:, t] +not'se , (4.1)

for the dynamical variables z: (21, ...‚ zm) and an obser-
vation equation

a:(t) = Pz(t) +n0ise= Z zj(t) p,- + noise (4.2)
7

for the observed variables m. 9[z(t), on, t] belongs to a
class of models Which can be non-linear in the dynamical
variables z and which depends additionally on a set of
free parameters oc=(oc1, a2, ...). Both equations are
disturbed by an additive noise.

Clearly, the columns of the matrix P: (p1, ..., pm)
may be interpreted as patterns in the full w-space. Since
mén, the time coefficient zj(t) of a pattern I); at a time
t are not uniquely determined by the w(t). Instead, it
may be obtained by a least-square fit, i.e.

2(1) = (PTP)-1 PTm(t) . (4.3)

The intriguing aspect of state space models is that the
dynamical behaviour of complex systems often appears
to be dominated by the interaction of only a few charac-
teristic patterns 1);. That is, even if the dynamics of
the full system are restricted to the subspace spanned by
the columns of P, its principal dynamical properties are
represented.
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4.2. Fitting State Space Modells:
Principal Interaction Patterns

When fitting the state space model (4.1.2) to a time
series, the following entities have to be specified: the
class of models 3F, the patterns P, the free parameters at

and the dimension of the reduced system m. The class
n'l' IIIÜIlt-EIS E3?“ has to in.- selected a priori on the basis of
physical reasoning. Also, this number m might be speci-

fier! a print-i. 'l‘lIt-r paranteters 0c and the patterns P are

.l‘itt ml simnlt mm: misty in u time series by requesting them

to minimize

slP; al=<llw (1+1) —w<t)—P mat), a, it were. (4.4)
.vlJ‘; at is the. mean square t-rror of the approximation of
the. (dist-re! inert] time derivative of the observations 08

by the stnLu space mmlrl. The patterns 1", which Ininiv

mime (4.4] are. called J‘-i't.'m.'i;.t<i.l Juirmeh'mi J’rdi’tci'ns. it

only a finite time. series of. nhsel'vnt inns ‚r is :i.\':t-il:ible,

the expurtutinn {-} is replaced by a summation over

time.
In general, the solution of (4.4) is not unique. In par—

ticular, the set of patterns P’ :P - L with any non-singu—

lar matrix L will minimise (4.4), if P does, as long as the
cnrrrsspumling model G’F'zL’nt belongs to the model
class specified a In‘inri. This problem may be solved by

requesting the solution to fulfill some constraints, e.g.
that the linear term in the Taylor expansion of 3J7 is a

diagonal matrix.
The minimization problem can be solved by minim-

izing iteratively with respect- to the patternsPaml the
parameters at, where the EU) (4.3) are given by the P of

the lust: iterative step. Then the minimization with l'l-.‘-

spert- to P is reduced to a set of linear equations, and the

minimization with respect to oc can be solved by an

quasi-Newton algorithm available in standard libraries,

since the number of parameters on is small.

4.3. POPS as Particular Case of PIPs

The Principal Oscillation Patterns can be under-steed as

a kind of simplified Principal lltli:l’£-t-t.’-l-i()lt Pat terns.

For that let us assume mz-ai. Then, the patterns p span

the full m-space, and their choice does not affect rt P; 9.].

Also, let 3} be a linear model gflzU), 0c] 2A ° zu), where
the [minim-21ers or. are the. entries of A. Equation (1-3.9) is

obtained by minimization of i-[J’;or.] (4.4), so that.- the

dynamical equation (4.1) is identical to (23.8}. The unn—

sl:rait'it tnenl'.iom-:tl abuw: leatls to the eigenveeturs 0!." :1

as being the PIPs of the particular, rutimil:-tc:r.lly simpli-
fied, state space model.

5. Example of PIP Analysis

5.1. Model Design

In this section we present results of a PIP analysis of the

equatorial sea surface temperature and the animal and

meridional contpom-nt. of tfl'l‘tllLl-Ol‘ifl-l surface wind. The

same data set was examined by means of POP analysis

in section 2. After having found one l'{?.l.l_'.\’t.t-i|l'r oscilli-ltury
POP in section 3, we choose as dimension of the reduced

system 712:2. As model class P} we take

gaze), «1:6! ( COS (w) Sin W) - z(t) (5.1)
—sin (to) cos (m)

which (it‘r'm’l'lllt‘t-i :1. dumpml nseillntion at a period of "P:
2.7.}... Him-e [PINHU is krumm It: be more persistent. in
summer mnl :mlnnnn than in winter alnl spring the
damping factor x is set to oscillate seasonally:

%(t):%0+xa - 00s coo (t—tp) (5.2)

with wo: 2n/(1 year). The set of free parameters is now
9: “-(m. 2|], x... tp).

With these settings, the (letern'iinistic solution of (4.1)
is given by equation (2.5}, but now with 926%“). If at a
i-ertain tiltll.‘ to the st religt '1 nt‘ the signal is ||z(io)||, it is at
a later time )5

limit :W ” Hz (t — 1)” :W> “zum“ (5.3)
with

t—1 t—l (5.4)
KU, to): Z %(T)=%0 (t—l'o) +760, 2 COS wo (T—lp) .

T:to 1’:t0

in m-dm- In leer-p the model stable, Nit, In) has to be
negative. [or large Ihm»; (i! J“), im. ;—:„-.:Ü. The smsonai

dependence ul' equal-inn (5.2}, however, allnu-‘s the system
it: In: Itnsl‘-::.lale during some time of the yi'rar, namely il'
2,, is snfl’icfiunl-Ly’ large (siti'lpztrml with Emil, so that zfl) is

positive in part of the year.

5.2. Results

The PI l’s in. and 3);; (Fig. 2b) show the sann.- features as
the patterns p1 and 133 of illt' IÄ’UIl analysis t.i"ig. Ein).
’l‘he oscillatairm period 7‘: ei-(t months und the long-term
damping rate sun; --U.t'}}3 are alnmsl‘. the. same, tun [am

see. It). lt‘nrt-hnrmnre, the maximum cross correlat-itm

(.‘nr1‘‚_„_-‚(2|, 23) _: {Liiti of t he 1‘] l’ et'iel'i'ieicnts is comparable
[n that one of the l‘Ul’ analyst-s. The l.’llJ nmde], how—
ever, is sentewlmt num- sliill'l'nl in rlcscriltinglhe ENSÜ
signal: the maximmn valet-as of the. m-oss-cm'relatinn
:l'tlncl inns of the P] l’ entsll‘inient-s and the 55T Southern
{lseillat inn index, Sill { l-l’r-r'ym, 1984), Curr.._.,„(SÜl, z )=
(Lilli, (_'-nrr,._.r.|[-'$()I, £2) '—'U.ÜÜ are higher than those til
the [’01’ analysis. \tther this reflect-s lhc (lil'lcrtrnt
num her of dynamical pit-rantetcl's or a true. imprnvcn'tent
is unknown.

rl‘ln- major difference In the POP analYSis is the fit-ting
(:t‘ the amplitmlu x“ and the phase 1,, of the seasonally
useillating damping rate xi!) (5.2): 2,,=U.U4, {.p-JÖB
months. The seasonal mart-l1 of zu.) is illustrated in Fig. 3.
illunw, the prumass, {inscribed by M and pg, responds

K0=*0.02
‚ca: 0.04 -

tP: 5'3 swam REGION fl
l i | | t I I I . - | J

.JAN FEB MAR APR MAY JUN JUL AUG PEP OCT NOV DEC

0.05-

- 0ms-

b'ig. 3. Seasonally varying clamping ratt- xii-l: x0 1-2:" - cos wo"

(e. . .3.) with zu- „0.02, a, —_— can, i,,-_-.-"..:i immths. z H's"
inilir-ntns :intliliiiL-atinn und zu.) =:U dumping.

.‘\lIlJ. 3.Jaln-esaeitlich scltn'anlmncle l)ttntpfllttgsrut-c zu}? Fiat"

-| :4” cos mu (f- nil-p). au.) .:—tt zeigt Vorstitrknng von Störung n-Il “11‘

x(t)<0 deren Dämpfung.



with variable sensitivity to disturbances. From April to
July, the damping rate is positive, i.e. the system is
unstable, disturbances will be amplified. Throughout the
rest of the year the system is stable with maximum
damping at the end of November.
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