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INTRODUCTION

The princ ipa l obstacle to the construction of accurate globa l tide models

is the lack of observations in mid—ocean. There Is currentl y .i w e a l t h  of t1di~
gauge data from the ehorea and estuaries of most developed countries ~nd a few

scattered island s in mid—ocean . These data have occasionally been supp lemented

by data from bottom pressure gauges emplaced for relatively short periods of

t ime at a very few locations. Recently, land-based tid al gravity data have

also been used in tidal modeling (Ku o and Jachens ( 1977 1) .  But to model deep

ocean t ides f rom t hese essentiall y land—based data Is analogous to modeling

a hurricane in mid—ocean by observing swell at the shore. Only the grossest

features cjn he depicted and many assum!’t ions must be made which limit the

accuracy of such models. This is evident f rom a review of present t i ~~~ model—

ing techn i ques.

Many investigators (Pekerie and Accad (1969], Zahel (1970], Hcndershott

(1966], Eites (l9~ 7)) have developed global tide models by numerical

integration of Laplace ’s tidal ecuation s, but these models require addit ional

models (or assumptions) of related physical parameters such as coastline geo—

metrv , bottor~ top~ gr.~ ~hy, energy dissipat ion , earth t ides, self—gravitation ,

and crustal load ing . Their sensitivity to uncertainty in these parameters ~an

be dramat ic . Pekeris an’l Accad (1°69 ] find that small changes in dissipation

or e ’.~st tue  parameters can cause amp litudes to change h~ a f ac to r  of 3 .i~

r~~- t ’ ;  ~~ .~~~~t ’ in the wrong dirt Ct  ton . A. a result , Ku. and Jac hens

7 1 ~~~~~~~ }i’r c . m d  t ~~~~ such ~odc lg ~:cn. ra i  lv ~ ive p~~~~r .~~~~~~er~’ it ~ ith

t id~~l i~hcerv. i t ion . on is1and~ in mid—ocean .

In an a lte rnat ive approac h. Kuo and Jachen s (1 977 1  rece ntly  u sed tid.il

: r ’ v t t v  ohcervat ions to model open ocean t ides in limited regions of the

.~or1d’s occans. This approach ~ic-’Jels only the rela t i ve l y long wavelength

fe.~ture of thc oceau tides (typ icall y 1800 ~s or more in scale length)

depending on t ~c nu—he r and d i st  r ibut ion of l.~nJ based t idal gravi ty  ~~t at ions.

Si~ it is an inversion techn ique , it does not yield uni que solut ion s and

~~~~~~ .c ~~ -~.t r.i ined by b ot t . i  pressure observations , and it is sensit ive to

t~~e l ’ .- .i: Ion o f t~~~~
- id~. i ~ i- .iv1tv ’t •i~ i.ns. An Ir~pert ant 59su— pt ion of this

— 1—
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technique is that the tide outside the region to be modeled is accurately

known, and thu s this techn ique ii dependent on ot her tidal models for the

zest of the glob.. Other regional tide models using bottom pressure gauges

(?tsnk , ce al (1970]), require unrealistic smoothing of the bottom topography

(H.ndershot t , (1973]).

Many of the above mentioned problems may be solved by the use of direct

satellite altimetry measurements (Zetler and Maul (1971)). Since the satellite

altitude measurement is referenced to the earth ’s center of mass , such measure—

~~ut s yield the t rue elevation of sea surface relat ive to this point , and artS

free of assumpt ions about bottom topography, earth t ides. crustal load ing,

coastlines , and the  d i s t r ibu t ion of terrestrial measurement stat ions . In

addit ion , satellite measurements can be made at high spat ial den sit y over all
the world ’s oceans in a short t ime. Figure 1 shows the distribution of C~~S—3

satellite altimeter measurements resulting from the first year of operat ion.

This satellite was just recently turned off after more t han 4 years of operation .

The Seaaat .atellite , which was launched in June of 1978, produced altimeter

data whic h supp lements the GEOS—3 data distribut ion . Even t hough this satel-

lite operated only 99 days . altimeter data to a spat ia l density of 50 km, from

72°~ to ‘2°S latitu de was produced uniform ly over the globe . This data serves

to fill in the gaps in the CEOS—3 data distribut ion.

While the altimetr ic te&m ique showed great potential , It also had for~1d—
able practical problems. The simulat ion study by Zctlcr and Maul (1971],

~~~~~~~~~ that amp litudes and phases of tida l components could be recovered in

the ~resence of realistic satellite orbit errors , but Maul and Yanaway (1978]

found that actual orbit errors were too large and not random enough to,perrit

succesiful tide parameter recovery . They concluded t hat 1 m orbit accuracy

~~iSt be ich iCV ~ d be fo re  tidal recovery f rom altimetry is possible. Won and

~ i Iler ( i ’ ~ 781 .it~ i’~~”te d to m iti gate the effects of orbit error by simultant ously

~eh ii- ‘
~~~~~ geold . ides , and bias type orbit errors Iron al imet ry in the

e~~t~’ \tlant t~ . .\ ‘~t ’c.ugh tht v achieved good agreement with Independent geol’

:-~~~~t i~ and teduced t idal amp litude residuals to less than a meter , the agree-

it with kn~ wn tide parameters, espec iall y the M1 tide in the North Atlantic

area , was disappoint ing. They cited insuffic ient altincter data , excessive

orbit errors , and excessive alt im eter data noise as the principal rcasons for

the poor tidal parameter recovery .

—2—
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Recentl y , however , Brown and La (1978] were succes~~fu l in t ie  J &- t e rm th a t l on

ot t idal parameters in the Gulf of Alaska, from analysis of CEOS—3 altimeter

data , by using a unique method for removing orbit errors. Each pass of alti—

neter data was tirst converted to sea surface heights , by using an m i t  lot (albeit

erroneous) estimate of satellite orbit ephemeris. These sea surface height

data are t hen fitted , pass by pass, to a model geoid height surface. The fit

is effected by var y ing the satellite orbit parameters. Since each pass is

fitted independently to the same surface , all long wavelength orbit errors

are renoved while preserving short wavelength tide signals. Aft er orbit

~ rrors  are removed , an approach similar to that of Maul and Yanaway (19781

is us,-d t o  define t idal phases and amp litudes . Tidal phases art defined by

.~nal yr .is of sea height differences at intersections (crossovers) of ~.att1lite

.u~’t rac ks , and a least squares harmonic anal ysis is conducted to solve for

tmp licudes and phases of the tidal components. Estimates of the tidal phase

and amplitud e from 6 locations in this region were generated from a preliminary

collection of data. Results at these locat ions, representative of differen t

bathymetric regimes , agree in general with the bottom pressure gauge measure—

— .nts of Rapacr , et al (l9~7) in the Gulf of Alaska seamount province , and

c o n f i rm  the existence of 4 reter tidal range in the Cull of Alaska. In a

separate test , recovery of ~~~, tid e parameters at the locat fo of the ?~ DE 3

~o t t o - ~ pressure gauge (Zetler , et ii (1975]) shoved agreemen t to within 26 cm

in s’p litud e and 33 de.rces In phase’.

h1~ r;~: r ’ .i~1 fs \t ~~~~~~~~~ in t i~ . 
- .t - idy  t o  21 lo, i t i ’ n ~; 

~ t h  Northeast

Pac~ : ic ~oan. ~~~~ j t  j~~ 
M e - S it t v -  t o  t ’ e a l t  i~~ - t ~’r dat a ac c t r r . rv  and the d i s tr i—

t ion 01 Crossovers in spice arid t ime , it is imich less sensitive to satellite

orbit errors than the techniques of Won and Miller , or Maul and Yanaw4. In

addit ion , in ~ts re liance on crossover comparison s, it is irmnunc t o  the effects

o f sharp gradients in the geo td or h t  torn topography. Since it generates

s t r i c t ly lo~ .tl ;uas i—point solut ion s , it can be done quickly and e f f ic ient ly,

.it hat t ~he need for modeling effect s in a larger r”gion . It ca~ also create

~ -~ i t ide —u’s to .~ very f ine scale by doing separate local po int solutions

~ t t i i  r .’q iired ~~~~~ tal sep irat ion , and is not inheren tly I i~iited to regional

- ‘~~ tI .i~~~;—1 i c i t Ion , he objec t t v e c  of this stud y are to:

-~~~ - - - 

-
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• develop a technique for low—cost survey of ocean tide phenorzena

of long and short wavelength in mid—ocean , comp letely independent

f rom models of bathy.e t ry , coast l ines, and earth lines

• produce a detailed map of the co—tidal and co—range l ines of the

major t idal components (H2, K1, S ,, 01, and N~~~) In the \ortheast

Pacific Ocean

• provide a comparat ive analysis of alt imetric tide models and

existing :ide models in the Northeast Pacific for validati on of

these models.

In the sections which follow , the state of the art in t ide modeling in

the Northeast Pacific is reviewed , followed by a discussion of data processing

performed to date on the CEOS—3 altimeter data. The locations of potential

tide solutions permitted by the distribut ion of GEOS—3 and SEASAT satellite

alti~ cter data are identified , and preliminary solut ions of tide parameters

are di~cuased . Finally , p lans for complet ing the validation of tide models

in thi ’ Northeast Pacific us ing eatellite altimetry arc presented .

iT -
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TIDE DETERMINATION IN THE NORTHEAS T PACIFiC

To provide a reference for judging alt imet ric solutions for t ides , we

review here the results of previous attempt s to model t ides in the ‘~orth-

east Pacif ic Oeesn . Rather than compare the models eve rywher e , a single

co~~~on geographic locat ion is selected . This point is chosen In dee p oce.in,

at about 2 l5°W longitude and 34°N lat i tude , because bot t or’ pressure guage

measurements were available for this locat ion (Irish, et a! ( 1 Q 7 1 ] ) .  This

is the JOSIF U s t a t ion . A single point comparison a lso be t te r  serves to

ii lust rate t he uncertainty in deep ocean t i.k models , rather than their

similarities .

Most investigators model the H2 componen t of the t ide. This is the

largest component of the t ides , but unfortunately, the least well  determined

Fi gurc 2 i l lust rates this uncertainty. M., anp litudes ( indicated by the arrow

length) and phase angles ( ind icated by the arrow direction ) range from 13 ‘o

57 cm and ar . scattered over a 300° arc of phas e ang les. This situation i~.

due’ t~~ two factors , the near resonance of the semidiurnal t ide (Mo, S.,, N .,, et c.)

u~ s pi rt ot t hi’ ocean (I1ende’rsi~~t c , (1973]), and hi- indirto t tide determinat ion

t~~~hntque~ Us ed by ~-o s t  investigators. Since most invest I~~.rt or~ use t ide

measurements wh ich are rather far removed from the deep ocean , many assump t ion s

and auxiliary phys~ ca1 models are necessa ry in the calculat ion of the tide in

de’er ~~.ter. Small changes in these models , such as coa’~ line configurat ion,

ocean dep th , dissipat ion , earth t ides , ocean botto m load ing, and ~eIf-attract1on ,

can lead t~ t idal amp l itudes that fluctuate by 3 meters or ~ort- , and aaph idt 

tha t shift l’cation or even rotate in the wrong direction .

It La instruct lye to review the t i t  -n i ques used iii these- tide ‘ietermina—

- . in~ in ‘i)r e or  less c~~ t- ’noi~~~~ i i a~ order , f e  * in lest techn i~~i, -

it . t ,-  - , r i— ’ — - p i n ~ i i  echn i— ; ’ ii-s of Harri s ~~
- .j and fliet r~~ 

1 4 1 ] .  ~~ lv

i ~
- .it- -r ,~~ es ( c ’ - t i~~il I ines) • not att~p i Rudes. were i rr’I~ .d . ~1t- ,se rved t ide

p~ -t .~es it t I. - i o a s t -. and at --- “ri island s were used to det ,-r ’-tni - the co— tidal

l ines of aap i idro ~~Ic systems. These l ines were extrapolated to determine

the l- ’cat ion~ of t he amphidrotse .
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i ~d .:tov Ct a l (lu Ib a,b I, ( 1~~6-. ] ti ’.td t f , ~~
- harrioni~ u ’ n s t a t t ~.. ‘f t h e  t ide

~l and island s tat  ions to t i e t  e r- l ine the ’  instantaneous rd l et  of t he

can surf,ice’ ( i r L rhvp - ~e met isd ) . L’ —t  ld.i 1 1 ines we’re det r~’ r u - ! I’~~ coi par In.-

t . o !i.- pse charts at appropr ia te  t t ries. Wh e re data we’re l ac kt r r ~~, as on the

sout (rerii boundary of th e  world ’s oceans , int erpolated v a l u ..~~ wt~ri.’ used.

Henders hott (1966 ] used the princip les of hyd rodynamics (numerica l solu-

t ion of Laplace ’s t idal equat ion) in a g lobal solut ion for t ides in idealized

ocean bas ins. Observed tides at coasta l  s ta t  ions r~t r e  used as f -ou r r da rv  cond i—

t ions.

: ~~~~ et al 1 1 9 ’ ? ]  also used a g lobal numerical ~olut ion Ia ~
‘ -rutt- r shott

but  tnc lud~-~! ~s 1ar. . a 1  a i- e- I 1 . h i - . - - ip.it ion w as par.cr e t er 1.ed by spec if)’ ing

e lev at  1- ‘ a - - , i .  •- .irth tides were i~ nort-d.

h-  t i.l e ~iet t - r - - i i r . r t  ions by Hunk  t~ t al (1970) w e r e  local in n i t  ure • con ~ncd

t o  the area alon g the -aN~ ornnf a coast between San Francisco and San Diego , and

e x t e n d in~ w , - .t ward ha l fway to ~hivai1. Rat her than ri -l y ing on coastal measure—

~ tn t s , which they re’~ .irded as anoma l 1st Ic for deep ocean mode ling, they used

bottom pressure gauge measurements at eig ht st . l t  ions in deep water beyond the

cont inental -,dit’lf. The model is a norma l mode representat ion of ~~~ coasta l

t ide , without dissipat ion , but accountin g for the earth tide due to astronomical

f ’ r - , ~~~. Their model predict ed an M~~ •-i-’phldrome at ~r ” out ?7 °’ . 13 5 °w . To t e s t

thi s pro.t Ic ion , I rish et a ( 19 7 1 )  p laced seve ra l  1e-ep sea hot t ‘ rrt’ ss ure

~.l’r~~e5 arou’ d the p rod i~ ~ed amphidrome . The record from one ~:au~z i ( 1O!~IE 11

it .‘ ‘
~~ . I .d~~I - i e . r w i t  ‘1 t ‘ ,- ; ‘ r * -  ii ~ t e d  i” ;- r.’ i ~-d th at i n d i ct  t t ~ r& ~

a p! i- -i fi ~ f e r - a ~~* - ‘ t  l~’d° hi- twi - e n t h i s  lo~ at t o rn  and ~~ a ’nin- ~ t-n ts on the

o~ : - . nte side of t he  .vrph idro~’re.  }‘ow~~v~ r~ t i , t ide - u s t a n t . fo r  JOS~~ II

differ from that ;i r ’- ft ct ed by Hunk et .11 ‘or this locat ion by I~ cm in &~pHtu de

,, ,.i l8~’ ; hase .

The - .~~ ni t j,~n by P~-~ .-rls and Accad 1’ ?) is a n rrrer I ~a1 m t  egrat ion of t he-

h . i p i e  t ida l equat Ions f ’ r  the g lo fu - , wi t h no ear th t ides , but w i th  t idal

t i s s i p a t  ion p.ir,i~- . t i r t :c d  as l inearized h ’ t t - - stress in shallow water. Thi---

- a . a f~~.r
’.v ~f . -t .jflcd mode l of t h t )vean bottom topograp hy , but did not use

ii - -
~~- rva t  i o n S  of ides .ic f~ ‘ i -i f - i n - .- cond It ions. They found t f -i t the

- ed - ,-d f e  is ver - s i -n~; f t  lye to -han~ i-s in the coast I m i - con f i~~~rrat ion .

-8-
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[i t s  in. evident tin i~~enre .f , from t he  d if t ~ -~~ - nnc,  in innp i I t I n t i t -  (1. cm) and p . o

( I L ? ) b~-t ~~-enr so lut tunis 8 and 9 , ~he- re’ the coast 1 lint -n. i n -  rnu.!t 1 o t t  on a 1~ ,~nd

.~~~ a r id ttns ;’e.tively.

U~-nd er~-i fao tt (1972 ) modified Laplace ’s tidal equation s to account for ocean

h~~~t t.’i~ load in~ and self—au ract Ion as wel l  as the .ast  r . i iunnni.na l f o r t e s  in the

- - L~~~~~~-t tnn ~ 0! t he ocean bottom due t o  earth t ides. Di -sipat Ion ‘~.is p a n . n :t- t or f ’ t - t f

-~~~ a in. ar c o a s t a l  pro~~e - s s .

Lu t he r  and W unsch ( 1975) COflst  r inot ed upd.it ~ nt t Idal c h a r t s  - r  he- Pnic if I’

t i n .  in -~ -~ n e n - - t — .-mp ir Ic .il t o t  tinique s tn- : i ij r  in .ornc -pt t o  t ~n ’ n .e -  ~‘ U. an r is

:ni~~t r n .  :r b - :  w i t h  : . ‘ re  ct - ten t id~al of a - t v . a t  ions.

Estes [ 1  ~77] ex t  ended f i e  .appruach of z.~h~ I l~~7hJ t o  t I e  
~
, , :, ,

i -nd ‘s - c ’~ ; on:& -:n t a an; well an. t t i e  ‘
~~~, component . St if — at t r e ’  t i n  and ot t a n  I- t on

a I -~o Inc laded fo l lowing Hendershot t ( 1  7 ’  ) . l i t -se-  o f !  oc t  s on t h e -

ocean t ide det  .- r- j r ea t  Ion t- an be quant If led by con-~parin~’ det o r r la .it ions 12 and 13

In F t . . r.- ,~ , A sh lit  in a p i It n ! ~ ard p hase - of “ cm arid j
O 

re- .pt-c r ive lv  is

_ h’ . ,- i- v .4  d ~,- ‘ - n.e l~~— n  r.ic~ ion ,and o c e a n  be t t o r -  l n .e.!tng. ThIs 1— s t t n i ! 3 r  ifl

~a~ n, ’ ale to t h o  c . n ,  inn ~ f ne - d0 :, rn- inat ions I • end 15 by , r d . - . ; i t  ~l ( 1 9 7 7 ]

3 cm .n ‘ ) . Those  l a t t e r  i nv e s t  i T t  o r - , also  used s t - i t — a t t r a c t  ion ~en~! ocean

hott - ,~ l i - :  in. l l o~- j n~ - , . n d. r- - fnott • but t he t n - a t ., - :nt  of d i - - n i p-i t non w a s

‘.in i r t O  t . t  of Pe~ t - r i n -  and A ccad , i . e .  • bou r n  s t r . - - - .  1 t n - ~er w i t h  v locit

~~ i : n i l  t o t  !nnique to hi- considered is  t I nt .‘ !  Inc and i t t  n -  ( 197 7;e J
wino -ed -: i~~ I at I ‘n ‘ - ray  i t  v on I and o d e d uc e  t . - i—

~~
- 1 It n d ,  and pha s, of

he OCe .1:1 t ide . it t a ;  I on ~ 1 e ,- nn n o — n  t I a~ oc can bon tom load In ~: .i f . C

.ur! ate 41 i v i t  v rni i s n n t ,  nt n; , c -; 1 ~i i n t - r ;o n t  j n(-nt ~i d is! an( - . :. . ~~~~ a 1 inc ar

r r ~-~ r - i ~~ n n ~ inver sion t echn in~’ ne  , - -rnp n - t n t  of t he- t t d c s  can be r- ippe dd f rom

Id a 1 ray -; I ~n.-n at a n- ,- ~ - ‘f t o  r ri - ct r i.i I st a t  ion s 
, 

T in ,- r i - n - n t S (‘

li i - - .-chn iqite ar’ - o —  ~d- s i n  -; I lye to the d i -  r I~’ - n t  i o n  o f  the’.c st - i t Ion’

t i e  ‘ i - I c  ~~~~ I a-n • - —-
‘ - 1  n o t . - Inns it s ide f t .  r. - ion to  h. r~od. d ,

- 
~~~~~ , t t  . .‘~snd , t .  - , n 1 ~ - . n t h  I n ! .  ;n.ndent !‘ot t otr pr. - .rc n a 1 1 e

- f __ 
_ _  

_I. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _



‘.~t~&Vz rn-r’ - ~~~~~~~~~~~~~~~~~~~~~~~ 
— —

~- - - -  —----— --—---,
~ —

f. t t h  t c - e x c c -pt  l o i n  c i t  t he- c. - t e - t n - nn~at  ion it - .nd-~~r I t , w n l - i  in- . ion .j t u t t c

1 ’re-~.sl; ’e ~~i n ~~c 1 o - a t e d  at th e -  c’ r .parlson point . a ll ot her dct - r - - . i’ .t I - a .  s he-er

in f t ~~na r c . ‘ o r e ’ made fror.- observat Long whicl’. .arc ccan :id er.ably d i  t.t .ant I r ;nn.

comparison pois~ . I he w k’e spread in amp l i tudes .ini! ph a ses  t n t  thi s po int

are dine pr irnan ilv to dl f t  c - r e - net- - - in tec hniques used in t he nc d - t  e r n n ~ n n.. t i- ’r.s

It is In terest  Ing to 90 t0  tha t the earl iest - m d  t I t -  la te s t  e.! t t  e-nniinat Ions

.U- ,rnis , l -~~n - , ], and Xuo and Jjchens 11977 ) ON- onl y 1~. tt ,  - T r o t  n- d

n n n  pi~~ .t’ . one- m i - t n t  conclude t t a t  t hIt - d o t  i- c r  imat  ions t fa -n - sc-Ivi - s f ivt ~ N’
- it - 

~~~! v e . n - n  ‘ i f  - t o  i,ei-r-n ; t o  he a sI i~ - t n - t  pt • c-i c -ne- c .anofl~ t Ine - ft err it. —

- - 0 -a t l . ’ n n n .  t n t  t n -  270 p t a .. .sn~~le . in  - N- i-n- - n t  w i t h  ( f - c -  tO~ 1~ I I  tLn ta  i - a t  it

n - ..a rd t - - t n n lc out d~~t e , - - I nn . . !  jon.. .‘ t 1  r, ’ni~ - f n  5 , ‘~ S 10 , and 1- ’. ~ 15 .as l’eing n r . . . ~~ i .

.t  has b c t ~ spt -~~U l J L e - t ’ (Miank . it  al ( 19 7 0 ] )  t - ~~t t  t h e  use ut t t c .a~.t . i l t id~

. hs t - r .  . t  ions I n  dt .c’ p .‘c - .a in t Id.. d0t  - ,n- .tnat 1,’i is quest innable !‘oc..Ubc of

t - - t , .. : ~~ a I  ~~~~~~~~~~~ : - t In.. ! t all occ u r  in ‘ .a n t  ~ t t f l \  1! - I nn. , - - t s , t :, j

.~~t t that rn- st coas ta l  t i de gauges .art - lo.. a t - -nt  in estuar ies  or bays that art’
,- ; t  c i  torn ‘ .~ wa’... - n- ant i c~inds o t t fa t -  - pen ocean . The are - .ilso ptot~~c tcd

t rorn t n - a t -  open Uc~~~~ .4fl tid e by up to h . dt-~;r.- - S ot  p liasi- d1f~~o r e ~n ,c .  A s imilar

-.ntu .it ion • x i  t n -. t o t  ide i~ a i e .  - - on tnclaintf n, . ? f n t ~~ a r c - - i non .a l l v  p lan .-t! inside

or ~z n n - a :  row ; t  r sits bet  w. - , a i s lands  f o r  l o t a l  nay n ,- t  ion purposes .

n - . c.~n have ’ ih ~~ - - •~ d de~~rc .- c-n-  ; l . a - c -  d l t t c n nn - e t N - n . t f  t Ide
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ALTIMETER DATA PROc ESSING

The Northeas t Pacific region La traversed by about 200 CEOS-3 alt iuieter

data passes (see Figure 1), and about 400 Seasat altimeter data passes. Of

these data , 184 GEOS—3 passes have already been processed , and the data ,

reduced to sea heights and corrected for orbit errors , is available from

Goddard Space Flight Center.

To appreciate the key role of orbit error correction in the recovery

of t idal Information , it is helpful to review the altimeter measurement

~ e - - n r - c’ t ry shown in Figure 7. The altimeter measures the distance ii between

the - instan t aneous sea surface and the satellite along a line norma l to the

ro ar- sea surface at a given t ime t. If the geocentric distance of the SittCl

ifte , r , is known accurately at t ime t , then the geocentric distance to the

lnstantane’ous sea surface can be calculated , In particular , the sea surface

hei ght , S. above the reference elli psoid can be calcula ted .

However , if there is some orbit error , i.e., r5 
is not known accurately,

t hen the correspond ing sea surface height S will be in error and an erroneous

0C c- all tide heig ht w ill result . While it is theoretically possible (Zetler

and Mau l (19711) to recover the t ide parameters in the presence of orbit

error s, ~taul and Yanaway (19781 found that In prac t ice , orbit errors were

either too 1,-Irge or not random enough to permit successful t ide parameter

recovery . ‘)t hcr investigators (Won and Miller (1978J have also cited exces-

sive orb it errors as a contributin g factor in failure to achieve good t ide

par.i:-at-Ler re cove-rv from alt imetrv.

In this invest igation , a un i que pr oces s is used to remove orbit errors

f ro m t h -  altimeti-r data. As it i t - c not possible to know accuratel y t he geo—

c e n m i l l  n. s .  i - h u t -  di s t aunt i- r for t’.-~ch satellite pass , th is quant ity Is

r..-p I an :ed by .n fictit ious quantity which will result in the minimum deviat ion

- - t  n - n e  o.a lcu late- .! sea surf .ice heioht S f rom the modeled mean se-a surface

, j O ~~ 5 • over ‘ho length of the pass. The mean sea surface (or getoid) height ,

is - alcu la t t’d along t~~~- satellite sembtrcck , N(t), from a geopotential

-..~~e- 1 such as CI~i— 7 (Wagner , et al f U4 7 6 ) ) .  While N and S are n t  generally

- u -l inear , to a good ,ipproxlnn.it Ion they may be assumed so. The error in this

—16—
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I
assumption is in the sub—centimeter range. The fictit ious geocentric satellite

distance r may be parameterized as a low order pol ynomial in t , e.g. ,

r (t) ~ a + bt + Ct
2

over the relat ively short length of the sate llite pass. This is a good approxi—

mac ion since only small fractions of a complete satel l i te orbit ire’ to be fitted

in ej c h pass. The polynomial parameters , a , b, c , .ure t hen adjusted in a least
squares process to minimize the difference between the calculated sea surface

he i g ht , S(t )

S( t ) • r ( t ) — h ( t ) — r (t)
B e

and the calculated geoid height , N( t ) ,  along the length of the pass. Since

each pass is thus fitted independently to the same model mean sea level surface ,

al l orbit errors and any other phenomena which manifests itself like an orbit

error (i.e., a b i.-ls or tilt) are removed and the sea height difference repre—

- . t n - t ’ t  the true d i f ference in sea su.Iace height at the t imes of th e -  intersecting
; n - s.-.es. Each pass uses an Independen t set of fictitious polynomial parameters ,

in ! thcse have no real mean ing or physical function whatever , except to accom—

p l i • l t h -  fittin g of the sea surface height s to the model mean sea level. In

~h tn-. process , care must be taken in choosin g the length ef the piss wmn - i~ h is

u itt e-d. n a very short pass , even the oce an t ide signal appears as a bi.~s

and wou ld be removed in this process. Therefore , all passes are c hosen to

be longer than 2500 km (I minutes), w hich is suf f ic ient  to preserve the t idal

in t o m - - n-at ion of t h e  ‘ ort In - i - i n - c t Pa c i f i c  ocean basin.

In a~ t e .ii 1.ract fte , th e adju st ’n-uent and fitting of the se..i surface heig ht

- ; . i t .-u is acc - ’ - - - p l l s 1n-e.d In - n a general pur pose orbit determinat ion propt- ;~ . eisin~.-

- - 

~ 
ii- Icat  e - l ca • uil .it ion of r , but the pr Inc Ipal is he same . It is

- c ~—~ited t~ n.-4 t t h i s  proc.’cs resu l ts  in sea su r face -  - ,  i~~htø  which  ar e ¶ ree of
- 1 t T T e ) ~ to wIt hir 20 cent inete - rs (flrow’n et al 1 1 9 7 7 ) ) .

_ __ _  

- -  
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CROSSOVER :“T~ PROCESSING

Once the altimeter data are converted to corrected sea surface heights ,

it is possible to parameteriz e difference”- in sea heights at crossovers in
terms of phase differences of var ious cociponents of the tides. The f ive

largest tide components , H2 , K1, S2 , Oi, and N2, are estimated in a harmon ic

anal ysis of the crossover discrepancies . Referring to Figure 8 , each sea

height is expressed as the sum of contributions oc all S cou: ,unents.

5 5

S(t )  — ~~~ 1a~ sin w
1
t + b 1 

e’us w 1t ) — 

~E A
i 

c o a (w
1t — :

~
) ( 1)

1—1 i—i

The sea height d i f ference at the ~th crossover is thus parameter iz ed by ten

t iJc  p.tramcters , (two for each of the f ive components) . It is given by

— ~~~ [a 1(sth w 1t2 
- sin wit 1) + b~ (coB w~t 2 

- cos v
1
t
1

) )  (2)

i—I

where w are the frequencies of the tidal componen ts, and a 1 and bi are the

tidal par-i -- e ’ters.  The amplitude A 1 and phase •1of a particular t ide component

4n - c g iven by

r 2 1
A i 

- ~a +

—l /~~i• tan ( c — -

- n v , to so lve for the ten unknown parameters , we need at least 10 thdepen—

~tfl t ~ eas~lrements of ‘
~~~ at a part icular location. This is d i f f icu l t  to achieve ,

~1ve n n n -h a the GF.OS—3 satellite orbit never exactl y repeats. However , it does

I-i - to repeat in,; (within 1/2 nieu: r -e ) ever\ - fo rt n  ight . Thus , it is not

—19— 
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Sea height
1 Pro~iIe

S(t2) Pass #1

~S, crossover
discrepancy ‘

S(t1)

Sea height
S(t2) .~~ .sin w Lt2 + b~cos W~t2 Profile

S(t1 ).~~a~sIfl w1t1 + b~cos w.t1 Pass #2

A S s~~a .(sln w.t2 - sin w.t1)+ b.(cos w .t2 - cos W. ti)
I.. I_ I-
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Ut t it c u l t  to c o l l e ’ c t  a sufficient number of crossovers wi th1 -~ a f e w  ie. .. re~en- ,

Of thu. des i red  location (see Fi gu r e 9). But one must a sn - u n - : n - e - tL the t ide

amp litude and phase are constant over the area spanned by th i n- .  ~c sllc- ct 1,n

of e toss ove rs.

Further assumpt ions are necessitated by the f a c t  t h at  one does muot c~~l l e & t

a sc:fic ien t number of crossovers instantaneousl y. Due to the power limitat ions

at Lt - C  CF n-)S-3 satellite , the al t imeter  did not operate continuousl y.  1 t c c r c i o rc ,

there ~eav he a t ime lapse of a ~~- a r  or u.ore between t , and t
1 at a given cross—

o- ~-r ( . e~’ Fi gure 9) .  Thus one must assume that there are flO Sc ular e f f e c t s

on t e n - c  t j J c ~~ wh ich are si gnificant in t he :imtn- span ncu d cd to ~ol1ect -.n-uf i ic ie:n -t

c r  -s - o v e r s,

Such lon, phase delays ‘nake accurate knowled ge of the t idal conponent

s en - ri ds -core ~mport cnt also. An error of about one part in in the period

of -t scr~~—d iu rnaI component is sufficien t to cause a 2.50 error  in p~~ se ang ie

a f t e r  a ye - a r .  T ide component periods used in this invest igat ion n - r e accurate

t o  h i tt e r  titan I part in io8 .

cithe r f a c t o r s  that change with t ime must also be -a re f u l lv  moniecc red .

~-or ex crn-~’!.- , whI le the altimeter is lar~;el y insensitive to  st- -i - tat e (wind

t.n-v~’n-i , n-a~e- ils , ctc.), a significant wivc height (Swil) of 13 or more c .in

cause i.5 m to  1 ~ er ror in alt i tude rc.-id ings ( (o1~~ e i  t u r , ut ~i ( 1  •16~ ) .

t h u - r e fo t  ir-~pertan t tha t the sea at a t e  conditions he r a t h e r  calm

~‘n-’.) t o t  ,- ‘, - l  t ide deterrc i nat  j o - is .

T I e  ( ‘ - ~~S —3 -~~n-~l SEASAT—l at t m eter ‘at a ci 1st r Ilait i’ i g have— he’t n ~-x.irn

t o  t~-~ ez--~ine t n- - c  nu~ be’r and locat ion of poten tial t ide solution l -c - n - r ions

• “0 ‘ - r the e n - n - t Pac if to . I s n - c . mt  j on~ at wit ic? concent rat Ion . cc f tweci t 
~ 

or

• C - n-...,-V u .’ rs ‘ - ‘ . i st ~.- i t? - In a sn~n - all local ar~’a ( h- s n - n -  t i n - e n  abou t ‘~ ° by

•~~
, c~ - t- - - -  n - css e s  lon,~e- r ‘ i- un-un 2 ‘~01 km ~,ve been ide’nt i fled for bot h - i t  e] lit~

— ‘it , - ~~ i~h- sn - ’ iu t  i n -n ar e -m s which I v.-e b een ident if it - si 1 r ,r~ 98 - n - -n -5 _ 3

- i  - . . c r •  s in- - --.-n h- -  t ’-e c i r c l e s  in Figure 10 . The solid t r iang icu  ~n Figu re Ir

~0~~
t sen-n t t i n - , - s n - s t - i t  ion itt- -cs of h in- h iest  rrcu, sove r d~ ns i t v  from the  ~ n - - \~-’ - -’ c — l

t i- n-- u a t c .  S ince the en’AS AT - - i t t  lu t e  was p 1-i ced In a 3 -cl --ty re- re - it Ing

- n - n - . ,r the cnn - I  of it s lifetime , crj-;sever concs-nt r a t  Ions in ex .-ss of

id c r  A nIn by (n- tin- in. .irea were c ere ’rat  cci at tiu-se locat Ions. ?h-iy-.v o t h e r

s~~~
’ t i t  ion b c - i t  ion s which have fc- ~ner crossovers could he identified f rom th ~

-2 1~
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TYPICAL MEAS-UREMENT
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SOLUTION

LATITUDE

LONGITUDE

<1 ARC DEGREE

S A M P LiN G  OF LOCAL TIDAL S I GN A L
TIDAL

AMPLI1UDE
-  - - - — -I (MONTc.1 SI

LS1 as 2 J
A S 4

Figure 9

— 2 2 —

C

— —----- -- -- —-- --------- — ----- — — ----~~~~~~~~~ ------- -- ——-—— ----- — — —-----—--~ -.- -



-
~~~ 

--
~~~~~~~ —~~

~~~~~~~~~~~~~~~~ ~~~~~~~ - 

— --- ————--- - 

~~~~~~~~~~~~~

‘~~~~~~~~
_

~4#t,~~
_ t c~~~~~~~~~~~ \

0

e
•%~ •D 

50

~0 
‘n - I

V ~~~~~ 
V/ , 

*0

4
7

/ V 
—

~~
- V

I ’/ V V

I -~~ 

~~~
-

3o/ 
5

I .
V V

26

to

~~~~~ 

-

~~ V

V ~_
z, 

-- 
V

- - 5

~0

‘V t
_
~
o

I
1 24
I

Ft  ~y m r o  10. Locat [on-n -B f or ide Sol ut Ion s

I n -

- *



‘.~~

~-h \ S U  — 1 L i ta  3 in- s t i t i nt  ton , but th e ise- 3 7  iii provide poi c . mn - t lal  I y t n- en- In- n-

-~u.s l it y ~~ - l im i t  ions. The to ta l  of t ’ I t id~ ~o lut ion locat ions Ident if led in

hi - -it e In - ) provide fo r a t ide determinat 1 3u1 roughl y every  5 degree- i;.

The det t - rminat ion of t ide paramete-ra . a1 
and b

i , 
at a g lvei location

n-. a simple least squares adjustment to minimize the crossover discrepanci es

~~~~ hot- n-rail cquat  loui s a re S formed for e-j cli of the solut ion lcucat ionn-. . I’ ~~
rew rite ehu at  [on 2 in terms of rn-ki t r i ces , we have

wher~-

i n - ;  s in v~ t
1 

— si n  
~~~~~~~~~~~ 

or , cos w~ t~ — o~

n - n - n . 

~ ~~

[b~

The re- -mit l n-n n-~ norm-a l equat ion

( A l
t •

~~~ 
- ~~1

T 
(A l  X
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i’Rl:i I !:NAR- n- T I)- !: S3: :-T IONh

T ~Je determinat ion s have be- c - t i  raide- t u  W i t  t~ at ei ght of t i e  2~, S — 3

• n lan --at ions sao~~ in Figure- 10. The-se solut tons ate- of a prt- l imiruiry

nj turc , but serve to point out sane problem areas is well as -~n- ’n-na tn - n - n-

n- ;e~ approaches to be investigated in -i subsequent n - .tn - t~~n-- .

ai ~~ 1 si n-n -n-vs the results of tide solutions at several  of t i n - e n - c locat ions

t n - r  sup to 5 t iJo components. All of the solutions are standard un o rst  r - mi n - ’ ed ,

n-.-ts~ in -n - ’n - t e d  least squares solut ions. The f i r s t  two solutions , T~tA onr. TM~~,

t1l u~ t rite a phenomenon which nay be c.illed dilut ion -n - n - f  the s t re ng th  at t i n - c

sn-’lut I n -n - n - . Both solutions result  in a reduction in the RMS of cr n -~s s o — .- .r

-n- :- ) n - .c I - .. but -it t h e  expense of  r idiculous l y large t i de  ;irp l ltudes . The

d~ t - rmtn - n-ant V.1) n - mi t- s  a to a I sn - n- relat Ive~ y sn-ri 11 (even un - -g.It ive In the s ~n - n - n - e  On-

r ’~~ ) ~- h ~n- • b m i  n - n -r n-h - e-r m d ica t t - s  a weak or Ill —cond it j oin-ed sn - n - 1 n- i t In--n-n . This s i t  mi.i—

t LO:; - ~n - e - 5  d- n- - n - n - t  h- mn- en th en - number of unknowns (10) approaches the number of

o f -s n -  r - . m i t  ion-n - s ( .
~~
‘ and 25). It is imp roved as the number of unknowns Is decreased .

For exanp hr , flott~ t he  decrease in amp lht u de and Lncr case ~ in determinant v i l u t

.1-- h~ number of co rnpmi - nen.  s solved fo r in loca t ion 2 Is re-d uce. d (solut ions T~ 2

• T~-i52 • e~d Ti~B 2 )  . Tin - c , value for ft 2 achieved in Tfm2 is in f.tir eg rct - n-n-nen t

-..‘th bottom pressure gauge results reported by Hunk et nl (1 97 U 1 fo r  the nea r b y

illoux gauge (.19 rn-n- amp litude and 107.14° GreenwIch p in-a n - n - i -  an ? 1c) .

hn- i . n - ; ; ~ n - - -  of r on - in - n - c in~ the unknown ; Is not n -n - c - n e - r u  lv  T e n -  -n -n -n -n - rn( - n- de d bet - e n - m i -- s

t ne -. -- .- e- r u l  f r .  ~- ; e - n - n - n -~i e - - . rt ’ pre ; t.n ted  in the S t ide component -; re not ‘ li s t  inct 1 n - &

i~n - O. .n - in - n- n - a t n- n- . p a r e —  t e n -  h c- in - in- c n - ’:’n-pone-nt are- un o r r e - l a t ed . Thus , if a ~n - r~, en-

- - , - - i f l c f l t  , ~.i - , 15 n_ -i so lv~ n- ) or • i t- . cant rihut Ion to t h e  c r osss -- v e  n- d - - c r c

— . . s f - . - r h . - !  e r r - n- neon -mi ,— ) v tn-v i n - in - st c r  e s — ponent v?n -~~si- par er. ’. it -r B - c e -  a

rococ— cort- n - n - i n - n  w i n -  ?i ‘. 5 . Tb is . s - cn  In the  dr  rn-a t Ic change of par.u —n C r

ii .. n- en - mi .~ n-l by din- let Ion - n - f  the O
~ 

n - O r pn- ir ie - r i t in ~ol Ut ions ~ L’ .-md T”-~ - In

-n - n - T~~2 , n - - c  co rrelat ion between the 01 parameters and other parameters

ran 1~.-s Iron-— .h) to  .91.

The adetjt ton n- n -i h u rt her oh~ er v.-et ton’5 ,-cI so strengthen s the sn- ’lc n - t  ton , as

On- -_ -- in s~ n - in - I n - n  ADD , bitt n_ st is drarn - .ct i n - n -  ii lv as reduc ing the unknowns. The

n - t O t  n - I  e- n-u i ions of ~o 1n - i t  ions T~h-\ .-n-nd Tf~ were added and solved t - produce A t n - .

e is .-q - .iv aie -n t t n - n -  a c m n - u g l e - - n - - s - n - n -  i n - n-n of S~ c ro ss —over  d isc ropanc ics. Note

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - -
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that the determinant value increased and the  tide componen t amp litud .-s en-ecreased

( - n -  “ln-)i-tn- reasonable levels. This ii a preferred technique for improving the

q u - ’ i t y  of the tidc solutions. In this n-: ,Cse , the addition of obsL-rvat ions is

n- i tean -i ing, since they are not from t i e  ~‘ame immediate area. In ADD, the cross—

5we locjt tons r~e n - n - n- e from 22 .  ~ 0 
to 30. 5°N and 224

01: to ‘29°E. W ie- i t  ;E- n - s Ar  dat a

.rn - processeil . the crossovers available for a given location are e - x ; n - t - c - te d to

n - n - rc.esc by an order of magnitude , with a correspond ing 1-icrease in c,uali ty of

t in- c n-n-o lut ion .

Another preferred techn ique for improving solutions is to im~ rove the

-~u aittv of the observat ions. In a few solutions , it was not iced t hat the

n- rn-) - -n-over d iscrepancy values for a given pass were systemat icall y d ifferent

fr- n- those of other passes, e.g. . al l crossovers associated wi th -;  given pass

~t have a significan t non—zero mean . This could happen if orb~n- t n- - tror

re-c: V u  was inconp iete  for scn-ne- reason . When these crossovers are- removed

n - r n -’ the solution , the solution values became more reasonable , despite the

re’ n-~~ ced nurn-ber of observat ions. For example , solution TM3 for locat ion 3

had n - - n- C r n -n- n- ; ;n-- v o r s~ h n - t  those of 3 p ; i s n - e s  appeared to be systema t In- all y o f fset

fr- n - - t h~ oth er-n - . When these crossovers were- removed , as in solution TM3L,

the an-rup lit ude of the H2 term dropped from 2.1 to .3 rn - ’ e - r s .  Th f - ”- n -  ci cross-

n - n - V t~ n- discrepancies .ilso improved ~~re in Tf’31. than in TM3 , desp ite the loss

of 33 chn - e rv . i t ions, Apparently, b lase-s in the crossover discrepancies alias

- .1~
- : i f icant ly wi th  t idc parameters.

One’ wou ld like to he able to cor rect  the h1~~~e s  in t a u l tv  passes

~-h i a- -.t ill n-- n - a  ~ n- th g the t idal infor-n-r n-n- t ion . This may he c~ len - c t  “ n- i  by adding ;‘.
~~~~

n-

~n - t n - - , n -et’~~s t e n- t h e n-’ ‘ in - se rvat ion equat ion . In this case , equat ion (.n - )  i: comes

- 

~~~ 
[.i1~

sin u
1
t , - ~ in-u w

1
t~~) + b

i
(cos w~ t 2 - c~ n-n - -

‘ n-- n- r n-i r 1- - i ‘r— -i from thi~se equat Ion-n-s would have , in add it ion to the

it) ide r.ir,J~
. t e r n -  • one pass bias for each pass (one pass bias AS1 n- n- c held

v- ,- i to avoid a singular matrix). This has the effect of dilut ing the

st rc r i , t h  n- n - f  the n - n - I n - i t  ion f all parameters are solved simultaneously, but

— 27—
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it is feasible to  solve for the biases independentl y snd correct the c i  ssover

discrepancies before executing the t idal solut ion. This was Attempted in

solution TO4B. Comparing with solut ion T04 , before pass bias correction , we

see cha t the most significan t effect Is the reduc t ion of the amplitude of the

!1, component. ~ot im~ch phase ang le change occurs at all .

Finall y ,  the solution for locat ion S is presented to i nd i n - a t e -  t in-at there

ire data whin - h y ield well—behaved solut ions without any remed 1~.l ttea trn-ent .

ThIs i~ .1 n - 1 . c  where the input n-~.-tta are not biased (initial RMS of crossover

1 n -  n-~ n-i il , + 1.5.’ m). and there are sufficien t crossovers (34) to giv a strong
1’

n-on (n -~e Z ~~n-~~ifl~int Is rather large at 1 .1 x 10 ) .

It is too soon to begin comparison of the recovered tide paraneter values

with thon -~’ n- - f  other investigators , but the preliminary results are encouraging.

Li— 
-28-
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CONCLUSIONS A N )  REC0~*~EN DATION S

Knowledge of t ides in the Northeast Pacific Ocean is fairly uncertain at
present , but ihe adven t of satellite alt imetry data f rom the CEOS—3 n-end SEASAT

satellites promise the possibility of direct measurements of tides in this area.
t n -or th~ at data Ofle’ can det e r rn - iin - c t i I ~ constants on a 5

0 by 5° .~i- id over all the

dn -n -e~ ocean . Analysis of preliminary altimeter t ide solut ions have underscored

the necessity for complete removal of all orbit type bias errors from the data

before attempting to solve for t ides. Fortunately, techn iques have been developed

b r  edit ing or correcting biased data and obtain ing good quality t idal solutions.

The future processing of SEAS-AT data will yield much higher quality solutions

ow in~ to the high density of crossovers whn -ch accrues from the SE.A5AT repeating

orbit , and the more accurate SEASAT altimeter data.

In the near future , the remain ing CEOS—3 crossover data will be processed

and corrected for biases and solutions will be achieved for all 26 solut ion

areas. i’roeesslng of SEASAT altimeter data is expected to begin in November

n - ’ .  ~n - 9 7~~~~. Comparison and validat ion of various tide determinations will follow

the construction of tide solut ions from the SEASAT data.

—29—
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wh ich p l ague numerical tide models. Existing tide models differ by 1 me ter
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of the t emporal changes in ;-lt imeter measurements at satellite
suhtrack crossover points , I t is possible to so ’v e  for the
n-n-~n-p 1it ude and phase of harmonic t idal components. Hoyt-vet ,
car e must be exercised in the removal of satellite orb it errors ,
ar- ! in the se~ -c t i on  of crossovers for sufficient ahsot~ ahi1it y of
the phase ang lo of the harmonic t idal component. Preliminary t ida l
solutions in the Gulf of Alaska using the relativel y .-r;t CEOS-3
al timeter data distribut ion show generally good agreement (20 cm in
amp li tude and 25 degrees in phase) w ith deep ocean bottom pre~ sure
~au n- c measurements and ~tabl1nh th~ feasibili ty of this te-~hn1que.
SEASA I altim eter data yields a much greater density of crossovers
(400 plus per 1/2~ - by l/2P area), making possible much better
separat ion of ind ividual ha rmonic components within the semi—
d iurnal and diurnal families. .~ Five degree resolution on tidal
charts of co—range and co—p hase l ines in the Gulf of \lan--ka are
poss ib le w i th  the SEASAT data di~ t r ibut ion.
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