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Abstract .   The  GRACE mission  wil l
map  the Ear th 's  grav i ty  f ie lds  an d  its
var iation s with  unprecedented  accuracy
dur ing  it s  5-year  l if etime.  Unles s  ocean
tid e s ign als  an d  thei r  load  upon the
sol id  ear th  are  remov ed f ro m the
GRA CE data,  the ir  lon g  per iod  aliases
obscure more su btle c limate  s igna ls
which  GRA CE aims at.  The d i f feren ce
between two existing  ocean  tide models
can  be used  as  an  est imate of  cur ren t
tid al mod el er r or  for  the M 2 , S 2 ,  K 1 ,  and
O 1  co nstitu ents .  When compared  with
the  expec ted  accuracy  of  th e GRACE
sys tem, b oth  ex pressed  as  spher ical
har monic degree  var iances,  we f in d  that
the  curren t ocean  tid e mode ls  are  not
accurate enough  to  co rrect GRACE data
at harmon ic deg rees lower  that 35 .  The
accumulated  tid al er r ors  may affect the
GRA CE data up  to  harmonic d egree 56 .
To study  the temporal  character is tics  o f
the  ocean  tidal  const ituents  when
sampled  b y  GRACE, app roximate alias
f requencies  wer e der ived  as suming  a
sampling  of  hal f  a s idereal  day .  Those
resu lts  show th at the  ocean  tide er rors
wil l  no t cancel  in  th e GRACE month ly
averaged  tempor al grav ity  f ields .  The
S2  an d  the K 2  te rms have alias
f requencies  much long er  than  30  d ays,
so  they  r emain  almost  unred uced  in  the
mon th ly  averages.  A s imple exper iment
demonstra te tha t the poten t ial  o f  using
GRA CE data for  improv ing  th e ocean
tid e mode ls  may  reduce the to tal  er rors
of  the mo dels  f rom 2 .2  cm to  0 .55  cm.

Key words :  G RACE satelli te  mis sion ,
ocean  tid es,  g r av ity .
___ ______ ______ ______ ______ ______

1 Introduction

The  GRACE mission  wil l  accu rately
map  var ia tions in  the  Ear th 's  grav ity
f ie ld  over  i ts  5 -year  l ifet ime [Tap ley ,

199 7; Bet tadpur  et a l . ,  1999] .  I t  wi ll
pro vide s cien ti s ts  f r om all  over  the
wor ld  with  an  e f f icien t way  to  map the
Ear th 's  g rav ity  f ield s  with
unp recedented  accuracy .  The  resu l ts
f ro m th is  mission  wil l  y ield  cruc ial
inf ormation  abo ut the  d is tr ibu tio n  and
f lo w of  mass wi th in  the Ear th  and  it 's
sur roundings.  The gravity  v ar iations
tha t GRACE will  s tudy  inclu de: ch anges
due  to  su rface and  deep  cur ren ts  in  the
ocean; ru noff  and  gro und wa ter  s torage
on land  masses;  exchanges b etween  ice
sheets  or  g laciers  an d  the oceans ; and
var iation s of  mass wi th in  the Ear th
[Wah r et a l. ,  1 998] .  To  reach  these
goa ls  i t  is  imp or tan t  to  el iminate the
eff ects  o f  ocean  tides on  the est imated
gravity  f ield .  Hence,  an  ev aluation  of
the  quali ty  of  ex isting  mod els  is
imp ortan t .

Hen ce,  an alyses  of  th ese ef fects  and
eva luatio n  of  their  q uality  may b e
imp ortan t .  Prev ious s tudies  have shown
tha t ocean  tides are impor tan t to
con sider  and  th at the  ocean  tide models
are  not accurate enou gh to  correc t
GRA CE gravity  f ields  fu lly  at  low er
har monic degrees [Knu dsen  e t a l. ,  2 000,
and  Ray  et a l . ,  2 001] .  The an alysis
needs to  be rep eated  using  the mo st
accurate ocean  tide models .
Fur thermo re,  th e resu lts  of  the p reviou s
ana lysis  ind ica te tha t ocean  tides,  e .g .
the  S2  te rm, wi ll  no t  cance l ou t in  the
mon th ly  averaged  grav ity  f ields  d ue to
the  sampl ing  ch aracte r is tic s  of  G RACE
[Knu dsen  e t a l. ,  200 0] .

In  th is  analysi s  procedure for  co rrection
of  GRACE gravity  f ields  for  ef fec ts  by
ocean  tid es are  rev ised .  Th e accu racies
of  the M2 , S 2 ,  K 1 ,  and  O 1  ocean  tide
con stituents  of  the most recent and
hig hly  accurate  models  NAO9 9
[Matsumoto  et a l . ,  200 0]  an d  CSR4 .0
[Ean es and  Betta dpur ,  1 995]  a re



assessed  using  spher ical ha rmonic
fun ctions  and  the exp ected  er ror  degree
var iances  for  G RACE [ Bet tadpur ,
per sonal commun icatio n] .  Th e samp ling
character is tics  are r ev ised  and  a lias
f requencies  associate
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(Figure 1 ) .  The  M2 , S 2 ,  K 1 ,  and  the  O 1

con stituents  ar e s ign if ican t up  to
har monic degrees 33 ,  29 ,  24 ,  and  22
respectiv ely .  The sum of  th e t ida l er ro rs
f ro m all  four  constituents  accumu lated
by harmon ic deg ree is  shown  in  Figure
2  togethe r  with  the accumulated  e r ror  o f
GRA CE. Ab ove ha rmonic  degree 40  the
accumulated  er r or  of  the t idal
con stituents  reaches a valu e of  about 1
mic ro  Gal  and  in tersects  th e incr easing
accumulated  GRA CE err or  at  harmon ic
deg ree 56 .

4 Tidal errors in GRACE
monthly averages

The  error s  desc r ibed  in  th i s  s tud y  will
af f ect th e s ing le measurements  of
GRA CE. Ho w the er rors  will  af fect
GRA CE pro ducts  (e.g .  models  of
mon th ly  averaged  temp oral g rav ity
f ie lds)  d epend on  the  sampl ing
frequency  of  GRACE, w hich  d epends  on
the  orb it  conf iguration  for  GRACE. The
GRA CE orb it  is  expected  to  be ver y
stab le in  the iner tia l  system due  to  i t s
h ig h  incl inatio n ,  i=89 .5º  [e .g .  Kau la ,
196 6] .  Hence,  the so lar  t id es may
app ear  as  a s ig nal wi th  an  alias
f requency  close  to  an nual o r  semiannual
cyc les .  S ubsequ ently ,  the e r rors  in  the
mod els  of  the so lar  t ides w ill  no t be
averaged  out ov er  30  day  in terval s .

To  study  th is  in  more  detai l ,  ali as
f requencies  of  the eight la rgest t idal
con stituents  were computed  [e.g .
Knu dsen ,  1 994] .  As sampling  in terv al
hal f  a s idereal  day  ( 0 .4986  days)  was
assumed. This  corresp onds to  a
sampling  of  the  gravi ty  f ie ld  at  bo th
ascending  and  d escend ing  tr acks,  which
wil l  be r elevan t except for  areas  near
the  poles .  The GRACE satell i te  wi ll  f ly
in  a non- repeat ing  or b it  th at
complicates  the  def in ition  of  ali as
f requencies ,  s ince th e samp ling  w i
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(t) Tj ET Q q 0.24  0825.65 -18 824 cm BT 417 0 -41 997 2387
Tm /F2.0 1 Tf (w) Tj ET Q q 0.24 0 1850-65 -18 824 cm BT 41 0 0 -41 549 2387 Tm /F2.0 1 Tf (i) Tj ET Q q 0.24 0180 -65 -18 824 cm BT 41 0 0 -41 632 2579 Tm /F2.0  Tf ( ) Tj ET Q q 0.24 0 0 9 -65 -18 824 cm BT 41 0 0 -41
752 2627 Tm /F2.0 1 Tf (f) Tj ET Q q 0.24 0 91 -65 -18 824 cm BT 41 0 0 -41 786 2579 Tm /F2.0 1 Tf (i) Tj ET Q q 0.24 01941-65 -18 824 cm BT 41 0 0 -41 319 2483 Tm /F2.0 1 Tf (e) Tj ET Q
q 0.24 01961-65 -18 824 cm BT 41 0 0 -41 963 2387 Tm /F2.0 1 Tf (,)
Tj ET Q q 0.24 01979-65  18 824 cm BT 41 0 -41 1060 2579 Tm /F2.0
1 Tf (i) Tj ET Q q 0.24 0 2001-65 -18 824 cm BT 41 0 0 -41 524 2531
Tm /F2.0 1 Tf (o) Tj ET Q q 0.24 0202 -65 -18 824 cm BT 41 0 0 -41 632 2579 Tm /F2.0 1 Tf (i) Tj ET Q q 0.24 0121 -701f18 824 cm BT 41 0 0 -41 387 2148
Tm /F2.0 1 Tf (f) Tj ET Q q 0.24 01228-701f18 824 cm BT 41 0 0 -41 503 2483 Tm /F2.0 1 Tf (f) Tj ET Q q 0.24 0125 -701f18 824 cm BT 41 0 0 -41
730 2627 Tm /F2.0 1 Tf (p) Tj ET Q q 0.24 01276-701f18 824 cm BT 41 0 0 -41 536 2339 Tm /F2.0 1 Tf ( ) Tj ET Q
q 0.24 01201-701f18 824 cm BT 41 0 0 -41 963 2387 Tm /F2.0 1 Tf (,)
Tj ET Q q 0.24 01312-701 18 824 cm BT 41S0 0 -41 963 2387 Tm /F2.0 1 Tf (,)
Tj ET2 -Tm /F00 0 09070 -18 824 cm BT 4120 0 -41 525 2148 Tm /F2.0
1 Tf (o) Tj ET Q q 0.24 01 57-701f18 824 cm BT 41 0 0 -41 549 2387 Tm /F2.0 1 Tf (i) Tj ET Q q 0.24 01377-701f18 824 cm BT 410 0 -41 997 2387
Tm /F2.0 11 Tf (f) Tj ET Q q 0.24 014-2-701f18 824 cm BT 41 0 0 -41
716 2435
Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 01425.701f18 824 cm BT 41 0 0 -41 418 2387 Tm /F2.0 1 Tf (k) Tj ET Q q 0.24 01445.701f18 824 cm BT 41
0 0 -41 856 2627 Tm /F2.0 1 Tf (l) Tj ET Q
q 0.24 01466-701f18 824 cm BT 41 0 0 -41 658 2531 Tm /F2.0 1 Tf (e)
Tj ET Q q 0.24 00488-701 18 824 cm BT 41 0 0 -41 871 2627 Tm /F2.0 1 Tf (i)
Tj ET Q q 0.24 
151 -701f18 824 cm BT 41
0 0 -41 410 2627
Tm /F2.0 1 Tf (n) Tj ET Q q 0.24 0153 -701f18 824 cm BT 41 0 0 -41
799 2435 Tm /F2.0 1 Tf (a) Tj ET Q q 0.24 01556-701f18 824 cm BT 41
0 0 -41 363 2579 Tm /F2.0 1 Tf (p) Tj ET Q q 0.24 0150 -701f18 824 cm BT 41 0 0 -41 547 2627 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 0158 -701f18 824 cm BT 41 0 0 -41
730 2627 Tm /F2.0 1 Tf (p) Tj ET Q q 0.24 01 08-701f18 824 cm BT 41 0 0 -41 609 2579 Tm /F2.0 1 Tf (e) Tj ET Q
q 0.24 0  28-701f18 824 cm BT 41 0 0 -41 963 2387 Tm /F2.0 1 Tf (,)
Tj ET Q q 0.24 01649.701 18 824 cm BT 41 0 -41 1040 2483 Tm /F2.0 1 Tf
( ) Tj ET Q q 0.24 0
1668-701f18 824 cm BT 41 0 0 -41 840 2387
Tm /F2.0 1 Tf (t) Tj ET Q q 0.24 0168 -701f18 824 cm BT 41 0 0 -41
321 2387 Tm /F2.0 1 Tf (c) Tj ET Q q 0.24 01708-701f18 824 cm BT 41q0 0 -41 547 2627 Tm /F2.0
1 Tf (s) Tj ET Q q 0.24 0173 -701f18 824 cm BT 41 0 0 -41 316 2387 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 01758-701f18 824 cm BT 41 0 0 -41 218 2387 Tm /F2.0 1 Tf (k) Tj ET Q q 0.24 01780-701f18 824 cm BT 41 0 0 -41 609 2579 Tm /F2.0 1 Tf (e) Tj ET Q
q 0.24 0 806-701f18 824 cm BT 410 0 -41 1103 2531 Tm /F2.0 1 Tf
(t) Tj ET Q q 0.24 01828-701 18 824 cm BT 41 0 0 -41 765 2339 Tm /F2.0
1 Tf (t) Tj ET Q q 0.24 0185 -701f18 824 cm BT 41
0 0 -41 363 2579 Tm /F2.0  Tf (w) Tj ET Q q 0.24 0 187 -701f18 824 cm BT 41 0 0 -41 279 2579 Tm /F2.0
1 Tf (c) Tj ET Q q 0.24 01898-701f18 824 cm BT 41 0 -41 1040 2483 Tm /F2.0 11 Tf (f) Tj ET Q q 0.24 0191 -701f18 824 cm BT 41
0 0 -41 363 2579 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 0190 -701f18 824 cm BT 4110 0 -41 786 2579 Tm /F2.0 1 Tf (i) Tj ET Q q 0.24 0196 -701f18 824 cm BT 4180 0 -41 609 2579 Tm /F2.0 1 Tf (e) Tj ET Q
q 0.24 0  88-701f18 824 cm BT 4120 0 -41 525 2148 Tm /F2.0
1 Tf (o) Tj ET Q
q 0.24 0201 -701 18 824 cm BT 41. 0 -41 1103 2531 Tm /F2.0 1 Tf
(t) Tj ET Q q 0.24  2027-701f18 824 cm BT 4150 0 -41 547 2627 Tm /F2.0
1 Tf (s) Tj ET Qq 0.24 0 121 -749.18 824 cm BT 41 0 0 -41 632 2579 Tm /F2.0 1 Tf (i) Tj ET Q q 0.24 0120 -749.18 824 cm BT 41 0 0 -41
752 2627 Tm /F2.0 1 Tf (f) Tj ET Q q 0.24 01260-749.18 824 cm BT 41 0 0 -41 765 2339 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 01286.749.18 824 cm BT 41 0 0 -41 418 2387 Tm /F2.0 1 Tf (k) Tj ET Q q 0.24 01306.749.18 824 cm BT 41.0 0 -41 811 2435 Tm /F2.0 1 Tf (f) Tj ET Q
q 0.24 01320-749.18 824 cm BT 41 0 0 -41 963 2387 Tm /F2.0 1 Tf (,)
Tj ET Q q 0.24 01342-749 18 824 cm BT 41N0 0 -41 963 2387 Tm /F2.0 1 Tf (,)
Tj ET2 -Tm /F00 0 76-754 18 824 cm BT 4120 0 -41 325 2148 Tm /F2.0
1 Tf (o) Tj ET Q q 0.24 01 94.749.18 824 cm BT 41 0 0 -41 549 2387 Tm /F2.0 1 Tf (i) Tj ET Q q 0.24 01417.749.18 824 cm BT 410 0 -41 997 2387
Tm /F2.0 11 Tf (f) Tj ET Q q 0.24 01442-749f18 824 cm BT 41 0 0 -41
716 2435
Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 01465.749.18 824 cm BT 41 0 0 -41 418 2387 Tm /F2.0 1 Tf (k) Tj ET Q q 0.24 01485.749.18 824 cm BT 41
0 0 -41 319 2483 Tm /F2.0 1 Tf (e) Tj ET Q
q 0.24 01508-749.18 824 cm BT 41 0 0 -41 658 2531 Tm /F2.0 1 Tf (e)
Tj ET Q q 0.24 00530-749 18 824 cm BT 41 0 0 -41 871 2627 Tm /F2.0 1 Tf (i)
Tj ET Q q 0.24 
1555.749.18 824 cm BT 41
0 0 -41 410 2627
Tm /F2.0 1 Tf (n) Tj ET Q q 0.24 01577.749.18 824 cm BT 41 0 0 -41
799 2435 Tm /F2.0 1 Tf (a) Tj ET Q q 0.24 0160 -749.18 824 cm BT 41
0 0 -41 363 2579 Tm /F2.0 1 Tf (p) Tj ET Q q 0.24 01615.749.18 824 cm BT 41 0 0 -41 547 2627 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 0163 -749.18 824 cm BT 41 0 0 -41
730 2627 Tm /F2.0 1 Tf (p) Tj ET Q q 0.24 01 52-749f18 824 cm BT 41 0 0 -41 609 2579 Tm /F2.0 1 Tf (e) Tj ET Q
q 0.24 0  72-749.18 824 cm BT 41 0 0 -41 963 2387 Tm /F2.0 1 Tf (,)
Tj ET Q q 0.24 01695-749 18 824 cm BT 41 0 -41 1040 2483 Tm /F2.0 1 Tf
( ) Tj ET Q q 0.24 0
1714.749.18 824 cm BT 41 0 0 -41 840 2387
Tm /F2.0 1 Tf (t) Tj ET Q q 0.24 01732-749.18 824 cm BT 41 0 0 -41
321 2387 Tm /F2.0 1 Tf (c) Tj ET Q q 0.24 01754.749.18 824 cm BT 41q0 0 -41 547 2627 Tm /F2.0
1 Tf (s) Tj ET Q q 0.24 01779.749.18 824 cm BT 41 0 0 -41 316 2387 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 01804.749.18 824 cm BT 41 0 0 -41 218 2387 Tm /F2.0 1 Tf (k) Tj ET Q q 0.24 01826.749.18 824 cm BT 41 0 0 -41 609 2579 Tm /F2.0 1 Tf (e) Tj ET Q
q 0.24 0 852-749.18 824 cm BT 410 0 -41 1103 2531 Tm /F2.0 1 Tf
(t) Tj ET Q q 0.24 01874-749 18 824 cm BT 41 0 0 -41 765 2339 Tm /F2.0
1 Tf (t) Tj ET Q q 0.24 01899.749.18 824 cm BT 41
0 0 -41 410 2627
Tm /F2.0 1 Tf (n) Tj ET Q q 0.24 01
21.749.18 824 cm BT 41 0 0 -41 279 2579 Tm /F2.0
1 Tf (c) Tj ET Q q 0.24 01946.749.18 824 cm BT 41 0 -41 1040 2483 Tm /F2.0 11 Tf (f) Tj ET Q q 0.24 01964.749.18 824 cm BT 41 0 0 -41 549 2387 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 0198 -749.18 824 cm BT 4190 0 -41 218 2387 Tm /F2.0 1 Tf (k) Tj ET Q q 0.24 0201 -749.18 824 cm BT 41.0 0 -41 811 2435 Tm /F2.0 1 Tf (f) Tj ET Q
q 0.24 02027-749.18 824 cm BT 411 0 -41 1103 2531 Tm /F2.0 1 Tf
(t) Tj ET Q q 0.24 0121 -794 18 824 cm BT 41 0 0 -41 632 2579 Tm /F2.0 1 Tf ( )
Tj ET Q q 0.24 
120 -794 18 824 cm BT 41 0 0 -41 939 2435 Tm /F2.0 1 Tf ( ) Tj ET Q q 0.24 01260-794 18 824 cm BT 41 0 0 -41 765 2339 Tm /F2.0
1 Tf (t) Tj ET Q q 0.24 01286.794 18 824 cm BT 41
0 0 -41 427 2483 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 01306.794 18 824 cm BT 41. 0 -41 1103 2531 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 01320-794 18 824 cm BT 41 0 0 -41 518 2387 Tm /F2.0 1 Tf (k) Tj ET Q q 0.24 01345.794 18 824 cm BT 41K0 0 -41 811 2435 Tm /F2.0 1 Tf (f) Tj ET2 -Tm /F00.0 79080 -18 824 cm BT 4120 0 -41 525 2148 Tm /F2.0
1 Tf (o) Tj ET Q
q 0.24 01397-794 18 824 cm BT 41 0 0 -41 711 2627 Tm /F2.0
1 Tf (e) Tj ET Q q 0.24 00 23.794 18 824 cm BT 410 0 -41 997 2387
Tm /F2.0 1 Tf (w) Tj ET Q q 0.24 0 1448-794 18 824 cm BT 41 0 0 -41 939 2435 Tm /F2.0 1 Tf ( ) Tj ET Q q 0.24 01471.794 18 824 cm BT 41
0 0 -41 427 2483 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 01491.794 18 824 cm BT 41 0 0 -41 549 2387 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 01 1 -794 18 824 cm BT 41 0 0 -41 918 2387 Tm /F2.0 1 Tf (k) Tj ET Q q 0.24 01 38-794 18 824 cm BT 41
0 0 -41 319 2483 Tm /F2.0 1 Tf (e) Tj ET Q
q 0.24 01564.794 18 824 cm BT 41 0 -41 1040 2483 Tm /F2.0 1 Tf
( ) Tj ET Q q 0.24 0 0582-794 18 824 cm BT 41 0 0 -41 829 2435 Tm /F2.0 1 Tf (o)
Tj ET Q q 0.24 
1601.794 18 824 cm BT 41 0 0 -41 363 2579 Tm /F2.0  Tf (w) Tj ET Q q 0.24 0 1623.794 18 824 cm BT 41q0 0 -41 547 2627 Tm /F2.0
1 Tf (s) Tj ET Q q 0.24 0 648-794 18 824 cm BT 41 0 0 -41 321 2291 Tm /F2.0 1 Tf (f) Tj ET Q q 0.24 01670.794 18 824 cm BT 41 0 0 -41 363 2579 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 01695.794 18 824 cm BT 41 0 0 -41 879 2196 Tm /F2.0 1 Tf (n) Tj ET Q q 0.24 01720-794 18 824 cm BT 41c0 0 -41 609 2579 Tm /F2.0 1 Tf (e) Tj ET Q
q 0.24 0 743.794 18 824 cm BT 41 0 0 -41 765 2339 Tm /F2.0
1 Tf (t) Tj ET Q q 0.24 01768-794 18 824 cm BT 41 0 0 -41 711 2627 Tm /F2.0
1 Tf (e) Tj ET Q q 0.24 00790.794 18 824 cm BT 41 0 0 -41 410 2627
Tm /F2.0 1 Tf (n) Tj ET Q q 0.24 01815.794 18 824 cm BT 41
0 0 -41 316 2435
Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 0 830-794 18 824 cm BT 41 0 0 -41 779 2339 Tm /F2.0 1 Tf (s) Tj ET Q q 0.24 01855.794 18 824 cm BT 41 0 0 -41 473 2627 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 01876-794 18 824 cm BT 41 0 0 -41 318 2387 Tm /F2.0 1 Tf (k) Tj ET Q q 0.24 01898-794 18 824 cm BT 41
0 0 -41 319 2483 Tm /F2.0 1 Tf (e) Tj ET Q
q 0.24 01924.794 18 824 cm BT 41 0 0 -41 440 2579 Tm /F2.0 1 Tf (a)
Tj ET Q q 0.24 01 0-0794 18 824 cm BT 41 0 0 -41 279 2579 Tm /F2.0
1 Tf (c) Tj ET Q q 0.24 00964.794 18 824 cm BT 41
0 0 -41 410 2627
Tm /F2.0 1 Tf (n) Tj ET Q q 0.24 01
89.794 18 824 cm BT 41 0 0 -41 387 2148
Tm /F2.0 1 Tf (i) Tj ET Q q 0.24 02005.794 18 824 cm BT 410 0 -41 997 2387
Tm /F2.0 11 Tf (f) Tj ET Q q 0.24 02030-794 18 824 cm BT 41 0 0 -41 363 2579 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 0121 -844.18 824 cm BT 41 0 0 -41 418 2387 Tm /F2.0 1 Tf (k) Tj ET Q q 0.24 0123 -844.18 824 cm BT 41 0 0 -41 670 2627 Tm /F2.0 1 Tf (t) Tj ET Q
q 0.24 01255.844.18 824 cm BT 41 0 0 -41 301 2579
Tm /F2.0 1 Tf ( )
Tj ET Q q 0.24 01202.844 18 824 cm BT 41 0 0 -41 342 2483 Tm /F2.0 1 Tf ( )
Tj ET Q q 0.24 
1314 844.18 824 cm BT 41
0 0 -41 363 2579 Tm /F2.0  Tf (w) Tj ET Q q 0.24 0 1332 844.18 824 cm BT 41 0 0 -41 547 2627 Tm /F2.0 1 Tf (n) Tj ET Q q 0.24 01344 844.18 824 cm BT 41 0 0 -41
718 2531 Tm /F2.0 1 Tf (f) Tj ET Q q 0.24 01372-844.18 824 cm BT 41
0 0 -41 733 2531 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 01394 844.18 824 cm BT 41,0 0 -41 418 2387 Tm /F2.0 1 Tf (k) Tj ET Q q 0.24 01412-844.18 824 cm BT 41
0 0 -41 856 2627 Tm /F2.0 1 Tf (l) Tj ET Q
q 0.24 01435.844.18 824 cm BT 41 0 0 -41 529 2627 Tm /F2.0 1 Tf ( )
Tj ET Q q 0.24 01455.844 18 824 cm BT 41 0 0 -41 279 2579 Tm /F2.0
1 Tf (c) Tj ET Q q 0.24 00480-844.18 824 cm BT 41
0 0 -41 410 2627
Tm /F2.0 1 Tf (n) Tj ET Q q 0.24 0150 -844.18 824 cm BT 41K0 0 -41 547 2627 Tm /F2.0 1 Tf (n) Tj ET2 -Tm /F00.0534 85-0 824 cm BT 41 020 0 -41 525 2148 Tm /F2.0
1 Tf (s) Tj ET Q q 0.24 01555.844.18 824 cm BT 41 0 0 -41 549 2387 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 01 78-844.18 824 cm BT 41 0 0 -41
730 2627 Tm /F2.0 1 Tf (p) Tj ET Q q 0.24 01 00-844.18 824 cm BT 41p0 0 -41 338 2627 Tm /F2.0 1 Tf (q) Tj ET Q
q 0.24 01626.844.18 824 cm BT 41 0 0 -41 342 2483 Tm /F2.0 1 Tf ( )
Tj ET Q q 0.24 01651.844 18 824 cm BT 41 0 -41 1031 2435 Tm /F2.0
1 Tf (n) Tj ET Q q 0.24 0 0670.844.18 824 cm BT 41 0 0 -41
763 2579 Tm /F2.0  Tf (w) Tj ET Q q 0.24 0 1695.844.18 824 cm BT 41 0 0 -41
899 2435 Tm /F2.0 1 Tf (a) Tj ET Q q 0.24 0171 -844.18 824 cm BT 41 0 0 -41 447 2627 Tm /F2.0
1 Tf (s) Tj ET Q q 0.24 0173 -844.18 824 cm BT 41 0 0 -41 549 2387 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 01754 844.18 824 cm BT 41 0 0 -41
730 2627 Tm /F2.0 1 Tf (p) Tj ET Q q 0.24 01779.844.18 824 cm BT 41 0 0 -41 609 2579 Tm /F2.0 1 Tf (e) Tj ET Q
q 0.24 0 799.844.18 824 cm BT 41 0 0 -41 963 2387 Tm /F2.0 1 Tf (,)
Tj ET Q q 0.24 01822.844 18 824 cm BT 41 0 -41 1060 2579 Tm /F2.0
1 Tf (i) Tj ET Q q 0.24 0 0844.844.18 824 cm BT 41
0 0 -41 410 2627
Tm /F2.0 1 Tf (n) Tj ET Q q 0.24 0186 -844.18 824 cm BT 41 0 0 -41
583 2627 Tm /F2.0 1 Tf (n) Tj ET Q q 0.24 0 89 -844.18 824 cm BT 41 0 0 -41 779 2339 Tm /F2.0 1 Tf (s) Tj ET Q q 0.24 01
0 -844.18 824 cm BT 41 0 0 -41
718 2531 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 0194 -844.18 824 cm BT 41 0 0 -41 418 2387 Tm /F2.0 1 Tf (k) Tj ET Q q 0.24 0196 -844.18 824 cm BT 41 0 0 -41 536 2339 Tm /F2.0 1 Tf ( ) Tj ET Q
q 0.24 01975.844.18 824 cm BT 41 0 0 -41 658 2531 Tm /F2.0 1 Tf (e)
Tj ET Q q 0.24 00994 844 18 824 cm BT 41 0 0 -41 871 2627 Tm /F2.0 1 Tf (i)
Tj ET Q q 0.24 
202 -844.18 824 cm BT 41 0 0 -41 387 2148
Tm /F2.0 1 Tf (i) Tj ET Q q 0.24 02038-844.18 824 cm BT 41. 0 -41 1103 2531 Tm /F2.0 1 Tf
(t) Tj ET Q q 0.24 0121 -892018 824 cm BT 41T0 0 -41 711 2627 Tm /F2.0
1 Tf (f) Tj ET Q q 0.24 01242-892018 824 cm BT 41 0 0 -41 503 2483 Tm /F2.0 1 Tf (f) Tj ET Q q 0.24 0126 -892018 824 cm BT 41 0 0 -41 318 2387 Tm /F2.0 1 Tf (k) Tj ET Q q 0.24 01290-892018 824 cm BT 41
0 0 -41 856 2627 Tm /F2.0 1 Tf (l) Tj ET Q
q 0.24 01325-892018 824 cm BT 41 0 0 -41 632 2579 Tm /F2.0 1 Tf ( )
Tj ET Q q 0.24 01350.892 18 824 cm BT 41 0 0 -41 547 2627 Tm /F2.0
1 Tf (s) Tj ET Q q 0.24 01364 892018 824 cm BT 41 0 0 -41 321 2291 Tm /F2.0 1 Tf (s)
Tj ET Q q 0.24 01 90-892018 824 cm BT 41 0 0 -41
899 2435 Tm /F2.0 1 Tf (a) Tj ET Q q 0.24 01408-892018 824 cm BT 41 0 0 -41
718 2531 Tm /F2.0 1 Tf (f) Tj ET Q q 0.24 01434-892018 824 cm BT 41 0 0 -41 939 2435 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 01 06-892018 824 cm BT 41
0 0 -41 318 2387 Tm /F2.0 1 Tf (k) Tj ET Q q 0.24 0 471-892018 824 cm BT 41
0 0 -41 856 2627 Tm /F2.0 1 Tf (l) Tj ET Q
q 0.24 01506-892018 824 cm BT 410 0 -41 1103 2531 Tm /F2.0 1 Tf
(t) Tj ET Q q 0.24 01528.892 18 824 cm BT 41 0 0 -41 279 2579 Tm /F2.0
1 Tf (c) Tj ET Q q 0.24 0055 -892018 824 cm BT 41 0 0 -41 524 2531
Tm /F2.0 1 Tf (o) Tj ET Q q 0.24 01579.892018 824 cm BT 41 0 0 -41 473 2627 Tm /F2.0 1 Tf ( ) Tj ET Q q 0.24 01599.892018 824 cm BT 41 0 0 -41 387 2148
Tm /F2.0 1 Tf (f) Tj ET Q q 0.24 01614-892018 824 cm BT 41 0 0 -41 547 2627 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 01629.892018 824 cm BT 41 0 0 -41 383 2531 Tm /F2.0 1 Tf ( ) Tj ET Q q 0.24 0 644-892018 824 cm BT 41 0 0 -41 338 2627 Tm /F2.0 1 Tf (q) Tj ET Q
q 0.24 01669-892018 824 cm BT 41 0 0 -41 363 2627 Tm /F2.0 1 Tf (u)
Tj ET Q q 0.24 01692.892 18 824 cm BT 41 0 0 -41 871 2627 Tm /F2.0 1 Tf (i)
Tj ET Q q 0.24 
17170892018 824 cm BT 41 0 0 -41 387 2148
Tm /F2.0 1 Tf (t) Tj ET Q q 0.24 01732-892018 824 cm BT 41 0 0 -41 473 2627 Tm /F2.0 1 Tf ( ) Tj ET Q q 0.24 01752-892018 824 cm BT 41
0 0 -41 447 2627 Tm /F2.0
1 Tf (s) Tj ET Q q 0.24 01788-892018 824 cm BT 41 0 0 -41 939 2435 Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 01810-892018 824 cm BT 41 0 0 -41
818 2387 Tm /F2.0 1 Tf (k) Tj ET Q q 0.24 01829.892018 824 cm BT 41 0 0 -41 609 2579 Tm /F2.0 1 Tf (e) Tj ET Q
q 0.24 0 
51-892018 824 cm BT 41 0 0 -41 963 2387 Tm /F2.0 1 Tf (,)
Tj ET Q q 0.24 01886.892 18 824 cm BT 41 0 0 -41 758 2483 Tm /F2.0
1 Tf ( ) Tj ET Q q 0.24 01906-892018 824 cm BT 41 0 0 -41 939 2435 Tm /F2.0 1 Tf ( ) Tj ET Q q 0.24 01928-892018 824 cm BT 41 0 0 -41 301 2579
Tm /F2.0 1 Tf ( ) Tj ET Q q 0.24 01964-892018 824 cm BT 41 0 0 -41 342 2483 Tm /F2.0 1 Tf (s) Tj ET Q q 0.24 01
90-892018 824 cm BT 41
0 0 -41 316 2435
Tm /F2.0 1 Tf (e) Tj ET Q q 0.24 02005.892018 824 cm BT 41 0 0 -41 318 2387 Tm /F2.0 1 Tf (k) Tj ET Q q 0.24 02027-892018 824 cm BT 41 0 0 -41 609 2579 Tm /F2.0 1 Tf (e) Tj ET Q
q 0.24 0121 -94 -18 824 cm BT 41 0 0 -41 529 2627 Tm /F2.0 1 Tf ( )
Tj ET Q q 0.24 0123 -94  18 824 cm BT 41 0 0 -41 321 2291 Tm /F2.0 1 Tf (s)
Tj ET Q q 0.24 
1258-94 -18 824 cm BT 41 0 -41 1040 2483 Tm /F2.0 1 Tf
( ) Tj ET Q  q 0.24 01277-94 -18 824 cm BT 41 0 -41 1040 2483 Tm /F2.0 1 Tf
( )
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where s  an d  e  ar e the var ian ces of  the
sig nal an d  the er ror  respec tively .

The  resu l ts  of  the es timation
exp er imen t are shown in  Fig ure 3 .  As
exp ected ,  the aposter ior i  e r ror  d egree
var iances  are smaller  that the GRACE
err or  deg ree va r iances.  The
accumulated  var iances  are shown in
Fig ure 4  and  sh ow tha t the to tal  er rors
in  the gr avity  has decreased  f rom 0 .96
to  0 .24  micro  g al,  wh ich  co rrespo nds to
a r eduction  in  the er rors  in  the t ides
fro m 2 .2  to  0 .5 5  cm. Hence,  the a
sub stan tial  imp rovement of  the t ide
mod els  may be o btained  in  the fu ture
using  data f rom GRACE. However ,  the
resu lts  o f  th is  exper iment are h ighly
opt imistic,  s in ce no  o ther  er rors  have
been  cons idered  in  th e estimation .

6 Discussion

The  resu l ts  sho w that  lates t  generation
of  the ocean  tide mod els  ar e not being
accurate enough  to  co rrect GRACE data
at wavelengths correspondin g  to
har monic degrees 1-40  fu lly .
Fur thermo re,  th e resu lts  of  th is  analys is
sho w that  the o cean  t ide er rors  w ill  no t
can cel in  the G RACE month ly  averaged
temporal grav ity  f ields  at  those
wav elengths.  An alysis  of  th e alia s
f requencies  of  the t idal co nstitu ents
sho w that  the S 2  te rm and  the K 2  te rm
hav e alia s  f req uencies  much  longer  than
30 days,  so  tha t they  remain  almo st
unr educed  in  mo nth ly  averag es.
Fur thermo re,  K 2  wi ll  in t roduce  an  er ror
in  determinatio n  of  the s ta tic gr av ity
f ie ld .

At harmon ic deg rees lower  that 20  sea
lev el s ig nals  a s  low as one  millimeter
wil l  be s ignif icant in  the GRACE
temporal grav ity  f ields .  Hence,  e r rors  in
both  the ocean  tide models  and  th e
loading  models  need  to  be conside red .
Spa tial  and  temporal changes in  the
ocean  water  den sity  may also  be
sig nif icant.  On  the o ther  h and , the
GRA CE mis sion  p rovide  a new
opp or tuni ty  to  improv e the ocean  tide
mod els ,  w hich  in  turn  will  improv e the
mod eling  of  the  d is tr ibu tio n  and  f low o f

mass with in  the  Ear th  and  i t 's
sur roundings.
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Ta b le  1 .  Ex p e c t e d  a c c u mu la t e d  e r r o r  o f
GRA CE e x p re s se d  a s  f r e e  a i r  a n o ma l i e s  i n
mic ro  Ga l  t o g e t h e r  wi t h  c o r r e sp o n d in g
c h a n g e  in  s e a  l e v e l  h e ig h t  i n  c e n t ime te r s .

Har monic
deg ree

Accumulated
gravity  e r ror

Change in
sea
lev el
height

20 0.0 4 0.1
30 0.1 0 0.2
40 0.2 4 0.6
50 0.5 3 1.2
60 1.2 9 3.0
80 7.3 4 16.9
100 51.96 119 .7

Ta b le  2 .  Ti d a l  f r e q u e n c ie s  a n d  p re l imin a ry
a l i a s  f r e q u e n c i e s  a s su m in g  a  s a mp l in g
f r e q u e n c y  o f  0 .4 9 8 6 3 4  d a y s  i n  d a y s .  Al s o
re l a t i v e  ma g n i tu d e  o f  t i d a l  s i g n a l  a v e ra g e d
o v e r  o n e  mo n th .
Con stituent Frequency Alias Averaged
M2 0.5 175 13.7 0 .0 93
S2 0 .5 000 182 .5 0 .9 55
N 2 0.5 274 9.1 0 .0 82
K 2 0.4 986 ∞ 1.0 00
K 1 0.9 973 0.9 973 0.0 10
O 1 1.0 758 1.0 758 0.0 01
P1 1 .0 028 1.0 028 0.0 01
Q 1 1.1 195 1.1 195 0.0 01

10-410-310-210-1100101020406080O1K1S2M2GRACEHarmonic degree

G r a v i t y  [ m i c r o  G a l ]
Fig u re  1 .  Er r o r  d e g re e  v a r i a n c e s  o f  t h e  M 2 ,
S2 ,  K 1 ,  a n d  O 1  t i d a l  mo d e l s  c o m p a re d  wi t h
th e  a c c u ra c i e s  o f  GRA CE.

10-310-210-1100101020406080GRACETidesHarmonic degree

A c c u m u l a t e d  g r a v i t y  [ m i c r o  G a l ]

Fig u re  2 .  Ac c u mu la t e d  e r r o r  d e g re e  v a r i a n c e s
o f  t h e  c o m b in e d  M 2 ,  S 2 ,  K 1 ,  a n d  O 1  t i d a l
mo d e l s  c o m p a re d  wi t h  t h e  a c c u ra c i e s  o f
GRA CE.  Th e  su m o f  t h e  fo u r  c o n s t i t u e n t s  h a s
a  R SM o f  2 .2  c m .

10-410-310-210-1100101020406080O1K1S2M2GRACEHarmonic degree

G r a v i t y  [ m i c r o  G a l ]

Fig u re  3 .  Er r o r  d e g re e  v a r i a n c e s  o f  t h e
o p t ima l ly  imp ro v e d  M 2 ,  S2 ,  K 1 ,  a n d  O 1  t i d a l
mo d e l s  c o m p a re d  wi t h  t h e  a c c u ra c i e s  o f
GRA CE.
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