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FOREWORD
This memorandum covers only & portion of the work on the Environmental
Statistics Studies, It has been prepared primarily for internal distribution

at NEL to aid others who are working on time series analyses of oceanographic
or mateorological datsa, !Wod-&o%nwm
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\ TETRCIOCTION
Ny It is desiiwble % predict seo-purface temperatures inte the fulure.

Prediction iatervals ey be e fev days, & fev months, or even peveral years
for long term prediction. There exist gevernl long teram records of dally
surface temperatures taken at fixed locations. These records vary fram
five to eight ysars in leagth with culy a modeyete amount of missing data.
The uitimate goal of a current study ie the detexmination of 9 method of
using certsin cheracteristics of these long tesm reccrds “o forscast surface
teperatures several months into the future. The seme methods could be ex-
tended to forecast tecticelly important underwater sound velocitlies as a
function of despth and geographical locatiosn. The iomediste goal of this

| semorendum is to xecord = background for such e study, to do certain pre«

H liminary work inm time series enslysis, end o outline the next phase of the
A

g work. A F
{

Previcus work at NEL by E.R. Andercon &pd G, W. Snedecor hasg included
multipie regression analyses of surfece sound veloeities im the region
° . 3% w, 3120° - 123° W for the fiseal years 1951 to 1955. In partie
cular; regressicn equations a8 ccu@lex s
Vo g,e8T 486 +87C6 +8, DA - s H? ‘. Re D 8, >
"5~L)”"6‘\1u*[5~—u0 4By ')'3\19\31 4 —‘Sq # » i :
| vhere D ic time, C is loagitude, T 1s iatitude &.nd. Vv is snr!’ac@ sctmd
velocity, have been fitted to observations for the individugl yeers. The
above regression equation considers the main effects of time, lengiiude snd '
latitude, and the iInteractions of time with latitude and leongitude with
! letitude. It shouid be noted thet & fifth degree polynomiai has beea used
to represent the variations with respect to time during & year. This epproach
differs from that of the present memorandum in vhich periodic functions of
time Are used,
Oceasnographic deta for Ocemn Weather Stetion PAPA (SOON, 1!&5°w) have
E been enalyzed rether extensively as part of the Envirompentsl Statistics
Stvaies (IFL Problem Z1-21).  Tho data are being collectod by Canadians
of the Paciflc Ocesnozrovhic Croup, Foueiwo. B.C.. ond axro available in a !
sequence of reports published by the Ficheries Research Board of Cenada t
in their Memscript Report Series (Oceanogrephic end Limmological). The

,d




data inelude periedic readings of bathythexmograph gasts, surface tempera-
ture measurenenis, and surface and depth measurements of salinity, disssclved
oxygen and silicates. Twice dally bathythermograph casts are made at 0200
and 1700 G.M.T<, and daily sawples for surface saiinity detexmination are
collected at 0200 G.M.T. This memorandum is concernsd with the long texm
time series analysis of the daily surface temperature data as obtained from
baththemmograph recoxds. The 0200 G.M.T. data are usod whon avallsblo; if
not available, other data for a given day are used,

In addition to the Pacific Ogean Station PAPA data, which received the
initial intensive analysis, there exist several years of data for Atlantic
Ocean Stations DELTA (449N, 41°W) and ECHO (35°N, 48°W) which have been
analyzed in the same manner as that for PAPA, The PAPA data have been collected
by oceanographers for speclfic oceanographic¢ uses, and are definitely of higher
quality than the DELTA or ECHO data, The S%tation PAPA data are for the time
interval 1 July 1956 - 30 June 1961, Siation DELTA for 1 September 1949 ~
31 August 1957, and Station ECHO for 1 September 1949 - 31 August 1956, The
DELTA and ECHO data weve obtaired from the Hydrographic Office.

TIME SERIES DECOMPOSITION

Any recoxd of surface temperature necessarily reflecis some sort of an
annual oscillation and possibly some sort of a trend. It is convenient to
remove the annual oscillation and the trend from a series of observations
before appiying any statistical prediction technique. The resulting surface
temperature anomaly becomes the dependent variable for a time sexies analysis.
If the anomaly oxhibits a uscablc persistence, then a composite prediction
formula consists of three terms,

l. an estimate based on the trend,

2. an estimate based on annual oscillation,

3, a statistical predictor based on the anomaly characteristics.
The general concept of trend is that of a gradual change in a system over
a long period of time, whexe “long® iz a relative term, An essential part
of the concept is that the change in the system over falrly long periods
is monotonic. It is always possible that a trend c¢an be confused with a
slow osclllationy this is certainly true if the recoxd length is short
compared to the period of oscillation. With respect to surface tempera-
ture prediction a few months into the futuxe, such confusion is unimportant.
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For the time series under sopsideration in this mewmrandum, the record

lergihs of five to eight yesrs ore rather maxgiasl in alsze for avy treud
determipaticn, particuiarily in ligat of the existance, 1o be seen ister. of
& very domineat snaval oscillation. Without godug indc detall, eay changes
in the gystem seem $o be ysar to year Juctushions not astiafying the long
term reguiremernis of trend. For the Tollowing discussics, it is asswsed
that no tiend existes in the guwrisce Lomperatiure racords.

AFLLYSTS €F TUE £PATIOR FAPA WWA: REKVAL OF WiE JWSUAL VARTATION

The Stetion FAPA dote epalyzed im this memorandum ecmzist of 1136 of the
possible 1826 surfece tempercture medsurements for the time interval 1 Yuly
1956 - 30 June 1961, Except for two gaps of mbout cme moath ecuch, the missize
data days ere distributed more or lepe &t roadom within the five yezy pevicd.
Figure 1 displays the PAPA date mcdlfied Yor plotting comvenience to the exe
tent that the medisn cbeervation in cooh suecessive {"ive day intervel hes
beer plotied, rather thes the individuvel cbserwatiocans. It ¢rould be erphs-
sized that eoll epalysis was actually performed ¢wm the imdividual daily cbe
gervaticas, and not oo these plotved wedians.

The first obvioue festuve of the PAPA daca is the enmusl oseillation
with feiriy sharp maxima in August to Ocicber and rather fiot wiuims in
February ©o Muy. Since the dovn avc ggeillatory in nature with a pariod
neressarily close to one celondar year, it Is jJustifieble, fvom o statistiaal
point of view, to fit to the dete scme theoraticzl fAunction which escililstss
with period one yesr. Buch a fuuetics would he fiited vo Ihc date either o
provide an understending of the cacilielcyy nature of surince toumperviuves,
or to provide & predichtion formmls Jor these temperatursc. The simplest
such function in

Wi ~p F 2.7 -~ % (u)

A E S b L °"‘:§7_§ (D--g:,/, s
= R A Bimafde I B, 06 =i Y i3
(-)Q " :;»,.«:, 5 (.:",95_ v M5 LGOS 365 s 3 ( )

where D is time meosured in deys fram sems erbitrary orfgin, L' ia the fitted
velue of curface tempersture, and elther S o ¥, or equivalenily, S, ;5
/(-3‘:_, eve regression ceefficients o be estineted. 'The year's length, here
shoun as 355 days, would be uritten to whatever sceurscy is justified im

L

the ectusl computations.
A convenilcanl way of fitting sucsh a furction ss Equotico (1) to the
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roints of Flgave 1 4g the dethed of Lzest Squeres. Ib 1s deeidedly emaier
to uee Bguatiosn (IB) rother then {1A) iz this mathod of fitiling since Ao,
B8 will sppeer as the solubticn of three simzitancous linear equatione;
Wheress :"?“"3 o, @ would sppeexr ap the solution of three guite complicated
simligneous nou-linesr egustiouns. More specifically, the methed of Least
Bguares consigts of minimizming with vespect to K9 3, 3] A, the sum of
squares of the differcuces of cbserved and pred_cted values

£ 3

-~ AR 24 42
Q= 2 (1 -\ oy

#

3 T
Z« /’\"" -’G "‘/S? bsw—‘“h ..)"" ‘92 COS'%% D 3

where the mmmt.mn ie over the H sang)le points, Thue the equations
oL (SRR s i
Y- T O, Yor s = 0,2,
ere to Ye soived simulisnecusly. After some menipulaticn these eonetican
can be writien 28
Bo +EZsingE D +BZcosEe D TZX
60254313%-;:) 4—6;7(;!? En- 4—5_37(«,“*:5‘15,(03 2Ty sindeD (2)
BeZcondy c%man AL, me-a-,j;s-—bh-ﬁa.z.(fasg‘&gj =Z Xers3es O
Faviag determined .593 '5, ‘3 1. ._t is easy o cuieia

w5 —iE.
et =N J’ “‘*53 j G = ’;;.:‘ arcran ,..f’fi:, 3 (3)
@ ﬁf‘

Before dlseussing the numerical resulis of Zittiag the FAPA date; coa-
sider the following. Although a visusl observaticn of Figure 1 would
suggest the Titiing of Buuation (iB) to the data; and is a reascnable
technique in en investigetive problem, it is perheps enlightening to present
the PAPA dete in terms of the autecorrelstioa fuaction

Cov Xa, \‘:54- A
Rd " , ($0%: e b 780,40 3 (u)
#varX;, var ’M
= (N -'l ’.(_ »‘/‘_ﬁ:el—(l‘“\-\") 2%
NN - 2 X=X P T N=5) 2 X

N

e, o lags 4= 0,1,

v
‘(“ \2 /\tp&: §

iy L"

4

where all %ie sumetion signs mean < = .

AT

=33
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The eutocorreiation fumeltion eg defived bsg the vaiune R = 1 for lag

gero, mening thet the time series is perfectly correlmied with itrelf.
I7 the PAPA time seriea repeated itgel?f sxsctiy every year, the sutocorreise
tian for j = 1, 2, °°°, years would also be RJ = 1, since there would be
parfect correlation vhensver the time 3ories and the Jagzed time series
were exactly in phage. Since the datn 4o not vepest themseives exmetly
every year, the sutocorrelation fuxction cg&n never he one except 8t j = O
but &8 is seen frem Pigure 2, the mutocoarrelation fumctlion bhas very lerge
positive pesks ut yeorly intervals. This is & delfinite iandication thet
there are ocgciliaticns with pericd one year in the PAPL deta.

Pitting Equation {1B) to the date ylelde the regression eguation

X' = 8.54 ~3.43 singis D~ 1.79 cosgee D,
~ 6.54 +3.89 singL( D~ i5%e).

where the units of X' are degrees Centigrade, sad day D=1 ic Jemuery 1.

Ae meagures of the goodness of it of this eguaticn to the actusl
data we ¢an consider three related quentities.

1. The meltiple corrzistion coefficient between the obsecrved and

fitted X'a.
2. Tae varisnce of the cobservetions gbout the fitted curve.

(5)

3. The Feratio of the regression sum of aguwres to the usexpleined
s of sguares.

Considering these quantities im tuwrn, the sguere of the multiple
correlatica coefficient betwsen the observed surfece temperature X end
the fitted surface temperature X+ for the PAPA date 1s ¥ = 0.863, from vhich
R=0.929. The quantity R is 2 messure of the strengik of the lianear relation-
ship between the two variables. A value of R ac large as 0.929 jumplies that
Pquation (5) provides quite @ good £it to the PAPA dmte.

The variance of the cbservations about thsir mean value iz 8.00k. ‘e
variance of the ocbservations ebout the fiitted curve is 1.220. The reiaticon-

oship between these variznces ol .’2 is obacyved Lo bve

§ e -~ - S
R*= |- 3504 = ©.863,

wvhich lecads cne tv gspross )oRa ee being the percantage of variance
5
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caplained by fitting the regresecion curve. The standard deviation of the
ohservaticas about the regression curve 18 fmd = (,105°C.
Finally, the total sum of squaves of the PAPA chservatioms sbout their
mean is 10,114.6. fhe reduction in sum of sguares due to fitting Equation
{5) is 8729.2, vhich leaves &n uvnexpisined sum of squares of 1385.4, With 1
the proper rmormelity essuzptions, the last vwo sums of gquares are independently
Cat-sguare distributed with 2 and 1133 degrees of freedom, respectively, so

that the F-ratio A DE D . D
e B B 565
38841183

=32
can be written and interpreted. This value of ¥ is highly significant

since the 1% criticel value of F for the shove degrees of freedom is ¥0.0l =
L.62. One concludes that the regression Equetion (5) significantly reduces
the total sul of sgueres. %The smalysis Lc foliow will show that the unex-
pleined sum of sgueres can be reduced further in & mesningful way.

The clue that an annual oscililetion existed in the PAPA data wos pro-
vided by visual cbservation of the originel data, or of the sutocorrelation
function. Statistical justification for fitting 2 givem function to date is
provided a~posteriori by the F-retio sanalysis, or its egquivalient.

ARALYSIS OF THE STATION PAPA DATA:
REMOVAL CF THE GEMIANNUAL VARIATION.

The f£it of Equation {(5) to the PAPA data cen perhaps best be displayed
visvally by plotting the deviations of the observations fram the fitted curve,
a0 hes been done in Figure 2. This permits an expended verticel scale over
thet of Flgure 1. Again the median observation in each succesaive five day
intervel has been plotted. A ferture of the deviation plots im the existence
for each fiscal year of two feirly well defined mexima st roughly cne-half
yeur intervels separsted by fairly well defined minims. For 1960 the first
meximum occurs in the last 5 days of 1959, Figurzs 3 provides visual evidence
of the existence of some semisnnual oscillation in the PAPA data.
as an altornato cluc to tho exietence of the senjannual variation, wo
again mpke use of the autocorrelatiom functiom as was dome in Figure 2.

The sutocorrelation function of the devis tione of Figure 3 is computed
end displsyed in Figure 4. This figure shows quite clesrly that a semi-
annual. oscillation exists in the PAPA data, although the peaks in Figure

6
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4 are semliler in mgnitude toma those of Fgare 2

Feving doponstrated the existence of some sort of a conlannudl cacilise-
tion in the dsta, it 18 now coavenieut ©o revert e the originel PAPA data
and remove the emnual snd semiompuel ogeilimtions simultenccuely. Anaiogous
to the work sbove, the simplest functicn conieining both anagual end semi-
anmuel oscillatery termas le

X' = Bo T oY si n%(’)-— 0,) + ez, mh-ﬁ[—- D~82), (€4)
. A o

= ,60 "l”, n&: s I r[’:’- Gﬁsm‘ (63)
=i a o
' ,8.-3 sinSlED + Ba cosSE .

The quentity Q = Z (x.-xl )2 is minimized with respect to the five /6 s
That is, the equations

'%%:U =0, for i -0,1,2,8,4,
are golved similatnecusliy. Analogous to Bquatione (2), there are five linear
equecicne in the /‘o"' 3 %0 be solved simulisaeously.

The winimun of Q obvteined by simdteneously fitting with ermupl &nd
seniannual texrms is the same miniswm that would be obteimed Lf o £1% of
gemusl terms were follcwed by 2 separste £it of sewieanmual texxs e the
resulting devistions, obvicus changes of origin being mRde. The two
separete regression eguations added together would be the sree &8 the
simyitensous regression equation.

The emplitudes &nd phaces ere given by

NBIiAE : B2
= A ‘16;1.:,,‘,33?- 3 @‘_ ) ...3;;7.;5_. av,—-p-i}ﬂa_h __.ig':;,, 2 [7)
e “’“’*’ "‘ﬁa& , Ba = f;:"*;" aurotey ._15

Fitting Equetion (6B} to thc dets yields

| - e ot : 2
X'=8.4% ~ 3,30 sindle D~ 1.02 CosHLE D

N 8
+ 0,150 .Stn-'-;IE::p ~ (), 505 C ﬁblgi)) 8

= 849 -+ 3.82 $inZLD~1520)70.85 ai nggg (D14,




vhere X is in degrees Ceoiigvade end D=l 18 Jorauwxy 1.

The square of the multiple correlation coefficlent between the observed
gurfuce tespersture X erd this new fitted x is !2-0.903, and B=0.950, ar
increase from Fox0.863, and Ra0.929, when euly the emsuel oscillation was
fitted.,

Jhe variance of the cbservations sbout the fitted curve is 0.865, a :
decrcage Prcm 1.220. %he corresponding stamdard deviztien is 0.930°C, a |
decreese frem 1.105°C.

More importantly, the additional reduction in sum of squeres due to
fitting the semianmual ozcillation is 403.0, lewving en unexplained sum
of squares of 92.4k, and resulting in an P-ratio of 232, still highly
significant at the 1% level. At this poirt it would seem appropriate to
display 2 toble similer vo &n Analysia of Varisnce Teble in order to test
the significance of the reduction in swms of sgquares due to each sdditiomal
regression varisble. This is done in Teble 1.

TABLE 1. PAPA ANALYSIS

Varigble Sum of Degrees of Mean r

4 Squares Freedom Square Ratio
Total 101146 12.35
Annual 8729.2 2 4365, 3569
Unexplained 1385.4 1133 1.223
Semiannual 403.0 2 201.5 232
Unexplsined o824 131 0.869

(8ignificance Levels: FO.05 = 3.00, FO.01 = 4.62)

On the pzsis of the above teble one concludes that the regression
Equation (8) reduces the total sum of squares significantly more than
does Equation (5), so thet amnual and semisnmual oscillations should de
removed from the PAPA data similtaneocusly prior {o further snalysis.
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AUALYSTS OF THE STATION PAPA DATA: RESIDUAL VARVABD.ITY

As before, the fit of Equetion (8) toc ¢he PAPA date can be dispieyed
visually by plotting the devietions of the observations £from the fitted
curve, as has been done in Figure 5. Alterastively, the sutocorrelaiion
function of these daviations has been plotied in Figore 6. HFeither Figuves
5 nor 6 indicates the presence of apy cscillaticon with pericd less thtn cne
year iu the deviations after the anmual end semiznnual cscilleticons heve been
removed. No further anslysis of the urnexplained sum of sguares will be attempted
in this memorendim., Future analycis of the rasidusl varizsbility will be outlined
in the fipal section of this memorsndum.

ABALYEIS OF STATTON DELTA AED STRATION ECZ0 DATA

The methods developed above for the analysis of the PAPA data have bean
applied tc the DELFA ead FCRD dste. Similer resulis have been vbtniped. The
results for the three stetione &re prazentied belew in tehulsr form. Table 2
pregents the regression coefficienta, the imltiple correlsiica coefficients,
and the standard devieticns of the cbservatims @bout the regressiocn curves.
Pebles 3 and L are Apalysis of Varisuce tebles corresponding to Tabie 1 for
the PAPA dete.

TAZLE 3. DEIXA ABALYETS

Yarisble Sum of Degrees of Meon ¥
Squeres Freedom Bgnare Ratio

Fotal R85 1287

Armual 6203 2 3101 1203

Unexplained 308 3285 2.398

Semisnmal 570 2 285 146

Unexplained 2512 1283 1.958
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TARLE L., ECHO ABALYSIS

Variedble Sum of Degrees of Mean »
Squares Freedom Square Ratio

Total 13625 1530

Anmmal 12065 2 6032 5902

Unexpliained 1561 1528 1.022

Semiennual L93 2 246 351

Unexpleined 1068 1526 700

(Significsnce Ieveis: F0.05 = 3.00, FO.01 = 4.62)

CONCLUSIONS

The amost important discovery described in this memcrandum is the highly
significant reduction in sums of squares in surface temperstures attributadble
to the fitting to the data of amnual and semisnmual oscillatory terms. Con-
sidering Tebles 1, 3 and U4, the lerge F-ratics corresponding to fitting
sexiannual terms even after the highly significent ammual terms have been
fitted, indicates that both annuel and semisnmual oscillations ehould dbe re-
moved from surface tempereture dats before stetistical analysis of the anommlies
is performed.

Turaning actention tc Table 2, vhich concerns the coefficients and fit of
the regression curves, & feature of the table is the similarity for the
three stations of terms within each of the columns except 4, and &5 .
These similarities exist even though the stations are in different oceans and
even though there are differences in the quality of the recorded data. It
would appear that the major differences among stations is accounted for by
the differences in abeclute magnitudes reflected by the /60 o The differ-
ences smong stations of the amplitudes ere relatively minor, as are the
differences of the phsses, although it is the differemces emong the pheses
ozmmmmmmemnsofmmpuormmuﬂmm
fitting curves.

One concludes that the snmual variation in see-surface temperatures is
well represented by the sum of two very simple functions, a sinme functiom
with period one year and & sine function with period one-half year. Al-
though en annual oscillation in surfece temperstures was certainly expected,
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the existence of the gerimavunl cocillietion was not expeched.

OUPFLINE OF FULORE WOHE

Tals pezocrondusr has demonstrated the existence of el end sesiapmal
oscilleticns in surfece tawpernture date for ove Peclfic Gceaz apd two Atlaatic
Ocean stations. When these osciliations sre removed fron the dabts there re-
min time ceries comsisting of the devistions from the regressiom curves.
Referriag to Figure 6, which shouws the evtocorrsietion fmetion for these
deviations for the PAPA dala, there are indicntions of o percisteance of, say,
seventy-five days in this data. The velves of wutocorrslatics cub to this
reoint are provably significant. 'This persistence alsc epoears in Figure 5,
shoving the deviationg thewselves, in that successive deviaticons do not wery
randomly about the axis, but are sbove or below the axis Por fairly long
periods of time. It is guestioneble that the oscillations in the asute-
correlation function of Figure 6 #re meoningful much beyond 100 days. They
are due to nothing more thaa the characteristies of the particular five
your seaple avallable for anslyesis.

If a persistence of two or three months exists In & time series, then
it should be posecible to use this persistence tc predict intc the future.
Pregsent pleas envisage 2 prediction formula of the fora

"JJ;-- b :

where ¥ is the surface temperature sncsely. This equation indicates thet &
temperature ancaly k days in the future will be predicted as 2 linesr
combipation of the ol most recent observations., Witk k end n az parameters,

#

the C; will be determined Ly minimizing Z( ‘.G;u;,;gm-Yé,,,,ﬂ ]? for & kmown

o N N M el NS
= Ce ¥y + G Yy, ~0. Y=ty

portion of 2 time gerizs. The ultimate evalustion of the prediction formuis
will be besed on how well it predicts the unimawm {to the predictor) future of
the time series. As mentioned early in the mamcrandum, the composzite pre-
dicticn formule would ccmbire the above sncwely prediction with tremd end
annpal cscillation terms.

Further investigation shuould te made, for other regians of the ocesn,
into the existience of the epparently wzll defined semiannusl oscilietion ia
surfece temperttures. The use of this osciliation as & statisticel tool is

b & §




Justified, even 1L 4 physical interpretatiion is difficult. The stations
dlscusged in Chis mesorandum &re im the open ocesn in deep water. Two
other situstions of intersst are that of w coastal stetion in shellow water
and the intermediste situatiom of an oceen station in relatively shallow
water, loag term records exist vhich will he anelyzed for these situstions
in the ssme wanner 82 discussed in this memorendum. There are 45 years of
deta uaken 2l a coastal station, nemely Scripps piler in Ia Jolls; Californim.
There are soxe 20 years of data teken at each of two stations on Queen
Charlotte Ysland, IANGARA and S%. JAMES, which because of their exposed
pature can be considered as ocean statioms in shallow water.

As is always the case, it would be desirable to cbtain mmch longer time
sexies to use i» investigations for tread, snd for more axtensive zuto-
correlation type analyses. The long records menticned above should help
soive this problem.




