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ABSTRACT. A dep th-ave raged finit e-difference num eri ca l model has bee n used to 
ma ke a prelimin a ry stud y of the tid es und er the Filchner- R onne Ice Shelf Open 
bound ary conditions were specified using the g lobal ocea n model ofS chwid erski. Tid a l 
consti tuents for the two principa l semi-diurn al constituents M 2 a nd S2, and the two 
principal diurn a l constitu ents 0 1 and KI we re ex trac ted from computed sea-surface 
eleva ti ons by harmonic ana lysis. ~ifeasured values near to the grounding line could 
onl y be reproduced sa ti sfac toril y by increasing the bo ttom fri cti on coe ffi cient under 
the ice to 50 tim es th e open-ocean va lue. This d es troys any agreement near the ice 
front or a t pelagic sites . it is thought th a t a fri c tion coeffi cient which va ri es with 
d istance und er the ice wo uld be a ble to reproduce better all th e avail a ble 
measurements. M ore tidal measurements a re required to valid a te a ny model of th e 
region with model experim en ts being used to help pinpoint possible sites for instrument 
deploymen t. 

INTRODUCTION 

The Anta rcti c Circumpola r C urrent (ACC) in th e 
Southern O cean is th e wo rld 's la rges t ocean current, 
fl owing virtu all y without obstruction, a pa rt fro m through 
th e Dra ke Passage, eas twa rds a round Antarc tica. it has 
free northern bounda ri es a nd thus connec ts the Anta rctic 

with the South A tl antic, South Pacifi c and Indian O ceans 
and hence to a ll the wo rld 's oceans. Indeed, Anta rcti c 
Bottom W a ter (AABW) has been obse rved as far as 500 N 
(Nicholls and others, 199 1) . T he mos t important source of 
bottom wa ter in the South ern O cean is thought to be the 
W ed dell Sea (Foldvik and Gammelsrod , 1988), acco un t
ing for a bout 80% of to tal production and wa ter modifI ed 
by passage under the Filchner- R onne Ice Sh elfi s a major 
consti tuent. Thus, th e An ta rcti c ice shelves , and in 
pa rticul a r the Filchner- R onne Ice Shelf, could have a n 
importa nt influ ence on the g lobal ocean and a re th erefore 
importa nt when consid ering th e wo rld's clima te. Con

ve rse ly, because of the intima te therm al contact between 
th e base of th e ice shelf and the underl ying ocean , changes 
in clima te could have an effec t on the outfl ow of wa ter 
from und er th e ice shelf J enkins (199 1) sugges ted th a t a 
tempera ture rise of O. 6°C in the underlying wa ter could 
increase th e basal m elt ra te four-fold , which might haw a 
significan t effec t on circul a tion on the contin enta l shelf 
wi th fa r-reaching conseq uences for global ocean circula
ti on. 

Th ermoha line convection is thought to be the main 

fac tor controlling la rge-scale circula ti on und er ice sheh-es 

(Nicholls and others, 199 1). In the vV eddell Sea, dense 
W es tern Shelf Wa ter (WSW ) is formed by salt rej ec ti on 
from the prod Ll c ti on of sea ice. Th e ac ti on of th e tid es and 
prevailing winds moves the sea ice away from the ice 
front , thus keeping the ocean surface exposed , with a 
consequentia l intensifica ti on in the production of sea ice 

and salt release. The dense WSW sinks a nd fl ows d own 
the sea fl oor under th e ice shelf, a rriving a t the base of the 
ice a t the grounding line, where the freez ing point is 
a bou t - 3°C . This rela ti\ ·ely wa rm VVS \ V ca uses basa l 
melting and this rela ti vely buoyant mi xture of\\,S\\' a nd 
mel twa ter rises a long th e base of th e ice shelf. M ore WSW 
is entrained by the flow and the increase in melting point 
with reduction in pressure ca uses a reducti on in melt ra te. 
Eye ntu all y, the upwa rd-flowing wate r becomes super
cooled and frazil-ice crys tals precipita te out. Further 
entrainment of \VSVV causes the wa ter plume to increase 
in density until it becomes detac hed from the ice-shelf 
base and emerges as Ice Shelf W a ter (I SW ). This wa ter 
flows over th e continenta l shelf a nd forms AABW by 
mixi ng wi t h the wa rme r in termedia te wa ters of the 
South ern O cea n. Beca use there is no contac t betwee n the 
a tmosph ere a nd th e ocean, sub-ice-shelf circula ti on a nd 
mixing, a nd hea t tra nsport , a re forced by tida l ac ti on 
(M acAyea l, 1984; Doa ke, 1992) . It is th erefore import ant 
to understa nd th e tid es a nd th e interac tions between the 
tides and the ice shelf. 

It is also importa nt to consider the interac ti on of tid es 
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Fig. J. Schematic diagram showing the relationship 
between the variolls depths alld elevations lIsed ill the 
model. Under the ice shelf, the level of the sea sU1face 
(z = (s) is wincident with the base of the ice shelf. The 
instantalleous water-colum/l delJth , D , is tlte distallceJrom 
the (distorted) sea bed to eitlter Ihe base oJ the ice shelf 
(1I llder the ice) or the sea slllfare (ill the open oceall). 

wilh ice sheh 'es as a mec ha ni sm for dissipation of lid a l 
energy. C lose to the ice front , th e fl oa tin g ice shelf is 
ex pected to move freely with cha nging water level. In a 

bending zo ne near to the grounding line, however, fl exure 
of the ice will dissipate tidal energy due to plastic 
deformation (Doa ke, 1978 ) a nd there is evidence for 
ab no rm a l tides under se \'e ra l Anlarclic ice sheh 'es 
(Pedl ey a nd others, 1986) . On e might a lso ex pec t the 

age of the semi-diurnal tide to be high if energy is being 

lost a nd , a lthough there a re few records from the area, the 
majority show ages grea ter tha n 60 h, compara ble with 
o ther areas of the ocean where tid a l energy diss ipation is 
high (W ebb, 1973) . Holdswo rth ( 1977) has calcul a ted lh e 
hinge-line bending stress by a nal ysing the flexure of 

floatin g ice which is restrained a t one end and Doake 

( 1978) has used these res ults to est ima te the rate o[ 
dissipa ti on o f tid al energy by Antarctic ice shelves. His 
value of 2.0 x 10 12 v" is a lm os l o ne-third of the rate 
req uired to account for the aS lro no mica ll y observed 
slowing of the Earth 's rotat ion a nd the deceleration of 

the Moon in its orbit, phenomena which a re thought to 

be caused by tidal fric tion a nd , althoug h it has been 
sugges ted recentl y that this value ma y be overes tima ted 
(R ay, 1995), il is likely lha t th e Antarctic ice shelves a rc a 
signifi cant sink for lida l energy. 

In a diffe rent context , it is also importa nt to be a ble to 

model th e tid es of the ice shelves since tidal heig ht 

co rrection a re required for surface-ele\'a tion measure
ments from satellite a ltimetry. 

This paper describes a preliminary inves tiga tion inLO 
the tides of the vVedd ell Sea by the use of a numerical 
model. 

THE NUMERICAL MODEL 

A simpl e description of th e numerical model is given here. 
A more deta il ed acco unt has been given by Flather (1981 , 

1994) . Considering a \'ertical co l umn of sea wa ter, 
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cha nges in sea-surface eleva ti on a re associated with a 
nel nux of water in or out of the column, i. e. consen 'ation 
of vo lum e. This is expressed by the continuit y equation , 
which, in spherical polar coo rdina tes and in its dep th

averaged form m ay be written as 

(1) 

Th e d epth -averaged eq ua tions of motion for each 

coordinate direction which relate the acceleration of the 
wa ter to the a pplied forces a re 

OU + __ u_ ou + ~ ou _ uv tan rp _ I v 
ot R cosrp oX R orp R 

g 0 - Fb 2 = ----(( + (b - () - -+ AhV u 
Rcos rpoX pD 

(2) 

OV U ov v OV u2 tan rp I -+-----+--+ + u 
ot R cosrp 8X R orp R 

g 0 ( ;:j Gb ? 
= - R orp (+ (b - (J - pD + Ah V- v, (3) 

where t is time, X and rp a re long itude (eas t) and la titud e 
« 0, south ), (b is the eleva ti on of the sea bed a bove its 
undi sturbed level , ( is the eleva ti on of the sea surface 
rel at ive to th e Earth as meas ured by a tide gauge 

(= (s - (b , where (s is the eleva tion of the sea surface 

above its undisturbed level), ( is the equ ilibrium tide, U 

and v a re the components of the depth-mean current q , 
Fh a nd Gb are the components o f bottom sn'ess Tb, D is 
the LOtal wa ter depth (= h + (, where h is the undi s
lurbed depth ), p is the (uniform ) d ensity of sea water 

( 1.025 x 103 kgm- 3
) , R is the radius of th e E a rth 

(6.37 x 106 m ), g is the acce lera tion due to g ravity 
(9.8 Im s 2), I is th e Corio lis parameter (f = 2wsin rp, 
whel'e w is th e a ngu la r speed of rota tion of the Earth ) a nd 
Ah is th e horizonta l eddy viscos ity para meter (5.0m2 

S· I ) . 

Deformation of the sea bed is represented by (b a nd 

the e[[ec ls of lunar and so la r forcing are represented by 

the eq uilibrium tide C. Th e tota l water depth , D, is the 
insta nta neous d epth of th e water column extending from 
the sea bed to either the sea surface (in the open ocean ) o r 
the ice-shelf base (in the region of perma nent ice cover) . 
The relationships between the various eleva ti ons and 

d epths a re shown in Figure I. The value of 5.0 m2 s 1 for 

the edd y viscosity, Ah , is arbitrary a nd has little influence 
o n the model results. 

The botLOm stress, T , is ex pressed in terms of the d eplh 
mean current q, as 

Tb = kpqlq l (4) 

\"h ere k is the bottom-fri c ti on parameter. 
Stresses between the base of the ice shelf a nd the 

und erl ying sea water a re no t ineluded in the mode l. 
Diss ipa tion of tidal energy by the ice shelfis simula ted by 
increasing the botLOm-fric ti o n coe ffi cient , k, under the ice 

(M acAyeal, 1984) . 

l niti a l conditions may be ex pressed as a "cold sta rt' " 
I. e. th e sea is initially a t rest with no surface disturba nce 

((X, rp : 0) = u(X, rp; 0) = v(X, rp; 0) = O. (5) 

Finally , conditi ons at coas ta l a nd open bound a ries 

must bc specifi ed. On coasta l bound a ri es, the com ponen t 
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Fig. 2. Model domain and bat/iymetl)' ( 111 ) . The numbered dots indicate sites at which there are tidal measurements. These 
data are described in the text a/ld are listed ill Table 2. The dashed line shows the extent qf the permallellt ice. 

of th e d epth-mean current norm a l to the boundary, q,IO 
must be O. At the open-sea bound a ry. r , a simple 

eb 'ation-spec ified boundary condition ma y be used. This 

m a y be \\'ri lien as 

(6) 

wh ere ( is a prescribed fun ction of posi tion a nd time. 

Equa tions ( 1)-(4 ) are ex pressed in finit e-dilTerence 
form using elevations and current compon ents disc retiz ed 
on to th e model grid and a re so lved within the model 
domain subj ec t to the specifi ed initial and bo undary 
cond itions. The g rid used is th e Arakawa "C-grid". Full 
d e ta ils of th e numerical scheme have been gi\'en in 
Fla th er ( 1994) a nd references therei n. 

MODEL DOMAIN, BATHYMETRY AND OPEN
BOUNDARY CONDITIONS 

The area se lec ted for the model is shown in Figure 2. The 
full mod el domain cO\'ers th e region from 600 to 850 S in 
la titude and 900 to 100 W in long itud e. The linite
diffe rence grid was chosen to be 40' in long itud e and 10' 
in la titude , i. e. a grid-box size of abo ut 37.0 km in 
10ngilLld e a t th e northern bo und a ry a nd 6.5 km a t th e 
southern bound a ry , by 18.5 km in la titude. Within th e 

g rid th ere are coas tal bound a ri es a lo ng th e Antarctic 
Peninsul a to th e west a nd Coats La nd to th e eas t with 
open-sea bounda ries a long 600S, 600 \\' a nd 100\\, . As 
the mod el includes a n area of perman ent ice cO\'e r, it is 
necessa ry to spec ify the depth of th e wa ter co lumn rather 
th a n ba th ymetry. (Clearl y, in th e open ocean, ba th y

metry a nd \\'a ter-column thickness a re th e sa me. ) Initi a l 
runs of th e model used a d a ta se t inte rpola tecl on to th e 
grid from se ismic " 'a ter-co lumn thi ekn ess d a ta (Pozd e\'c\ ' 

a nd Kurinin , 1987 ) under th e ice sheh'es and th e U.S. 
Na\'al O cea nographic Offiee DBDB5 data se t elsewhere 
(\\'yc khouse, 1973 ) . La ter runs used an imprO\'ed d a ta 

se t, ,,·ith wa ter- column d epth south o[ 750 S deri\'ed from 
icc-shelf thi ckness a nd ba th ymetry from th e digital data 
set of Vaughan a nd others ( 1994), again using th e 
DBDB5 data se t north of thi s la titud e. This bathymetry is 
ShO\\'ll in Fig ure 2. The bath ym et ry of the ice-shelf region 
is shown in more d etail in Fig ure 3a. Fig ure 3b shows th e 

water co lumn thickness for th e sa me region. Comparison 
of these two fi g ures gi\'es a n indi ca tion of th e complcx ity 
of th e reg ion under inves ti ga ti on . 

Open-bound a ry conditi ons VIT IT elevation -spec ifi ed 
using th e g lobal ocean model of Schwiderski (1980a , b ) 
,,·ith a mplitudes and phases for th e principa l diurn a l and 
semi-diurna l tidal constituents ex trac ted from th e mod el 
a nd in te rpola ted on to th e numerica l mod el grid. These 
bound a ry conditions were used throug hout th e prelimin
a ry ill\'Cs tiga ti ons described ill thi s pape r. It is recogni zed 
th a t o th er, pe rhaps bet te r, g lobal tid e models are 
ava il a ble (Andersen and others, 1995 ) a nd som e o[ these 

\.vill be th e subject of future ill\'es tiga tion , a lthough th e 
Schwiderski model gi\'es reaso nable agreem ent with data 
from pelagic sites near to th e open bound aries (scc T able I ) . 

MEASUREMENTS 

Th ere are, unfortuna tely, few d a ta a \'a il a ble from th e 
region for comparison with th e mode l res ult s. Fig ure 2 
shows th e loca tions of thosc kn own wi thin th e mod el 
d oma in. T a ble 2 li sts th e semi-diurna l tidal constituents 
lIh a nd 52 and the diurn a l constituents 0 1 a ncl ](1 

measured a t each site . 
The data from sites 1- 7 (Smithson , 1992, unpubli shed 

ap pendix ( 199+)) a re a ll pelagic measurements made 
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Fig. 3. B athymetlJI ( a ) and water-column titickness ( b) ill m for the ice-covered region. Th e permanent ice f rollt is shown 

by the dashed line. 

uSing bo ttom pressure recorders. Da ta a t sites I and 2 
from d eployments by the Proud man O ceanogra phi c 
Laboratory (POL) are from long records using mu ltiple 
sensors. D a ta from different sensors and a t different times 
at a given site a re id entical within any experimenta l 
uncerta inties and should be very reli a ble. Constituents a t 
sites 3 and 4 were meas ured by the Alfi-ed-Wegener
Institut (AWl ) and a re from long, clean time seri es and 
a re consistent with ano ther site whi ch is close by but 
outside the model boundary. D a ta [rom site 5 by the 
U nive rsi ty o[ Bergen a re from a n a na l ysis of 30 d of 
continuous d a ta which were of very good q ua lity. The 
constituents a t site 6, a lso by the U ni ve rsity ofBergen, a re 
from a noisier time series but th is is compensated for by 
being of a much longer dura tion. Constituents from sites 
1- 6 can therefore be consid ered as being reli a ble. D a ta a t 
si te 7 a re from a reco rd of on ly 4. 2 d in durati on a nd 
stand a rd errors for the consta nts may be as la rge as 6% in 
amp li tude a nd 3° in phase. This site is nea r th e edge of the 
R onn e Ice Shelf. 

Da ta from si tes 8- 15 (Doake, 1992 ) a re g ravimeter or 
ti ltmeter measurements. Constituents a t site 8, on the 
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R onne Ice Shelf, a re from ana lysis of 9 d of g ravim eter 
d a ta by the Briti sh Anta rcti c Survey (BAS) from a ho t
wa ter dri ll site well away from the coast. Site 9 is on the 
Filch ner Ice Shelf a bout 2 km from the ice fron t a nd 
115 km from the nea res t land. Analysis is [or a g rav imeter 
reco rd of 43 d in leng th . The ori gina l paper (Th iel a nd 
o th ers, 1960) gives a n a mplitude for unresolved compo
nents Kl and PI of 4 1 cm . Constituents for sites 10- 12 a re 
g ravimeter measurements of dura tion 5- 10 days. Sites 13 
a nd 14 a re a t the mou th of R u t[ord Ice Stream . For site 
13, the consti tuents were d er ived [rom a til tmeter record 
of 43 d. Site 14, a lthough quoted as the same la titude and 
longitude, is in fa ct a bout 20 km d ownstream from site 13. 
Th e gravimeter record a t th is site was too short for 
acc ura te tid a l ana lys is and constituen ts were extrac ted by 
ass uming tha t the phases a nd rela ti ve amplitude · were 
the same as a t site 13 (Doa ke, 1992) . The amp li tudes 
computed a re a bou t 30% higher th an those from si te 13. 
Site 15 is on Doake Ice Rumples nea r the grounding line. 
Ana lysis was for a reco rd of 43 d d ura tion . Grav imeter 
a nd ti ltmeter measurements of tid es und er ice shelves are 
an indirec t method of measurement and various correc-
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G 
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Table 1. ComjJarison of pefagic measurements wilh Sdlwiderski's model Jar Ihe jnincijJal semi-diurnal ( lIh , S2) and 
diurnal ( 0 1, K 1) lidal constituenls al variollS sites near Ihe model open boundaries. For each sile Ihe Jirst line is the 
measurement and the secolld is the model oUlpul. All measuremenls are from the unpublished ( 1994) Ap/Jelzdix 10 Ihe 
IAPSO PeLagic T idal Constanls pubLicalion (Smithsoll , 1992) except si le G' (Smithsoll, 1992) 

Lat. (S) Long. ( W) 

59° 44' 

H 

cm 

45 
54 

43 
49 

32 
37 

32 
38 

4 1 
41 

43 
41 

G 

247 
246 

265 
266 

268 
273 

280 
280 

274 
276 

277 
274 

H 

cm 

7 
9 

10 
12 

15 
15 

16 
20 

18 
17 

22 
20 

G 

° 

29 1 
276 

3 18 
311 

342 
340 

35 1 
342 

32 1 
320 

323 
32 1 

H 

cm 

16 
17 

17 
17 

22 
23 

24 
25 

19 
20 

20 
22 

G 

° 

52 
5 1 

53 
52 

5 1 
56 

54 
59 

55 
48 

49 
45 

H 

cm 

18 
17 

17 
16 

23 
23 

25 
24 

17 
18 

19 

20 

G 

° 

100 
99 

97 
93 

72 
70 

73 
64 

78 
69 

66 
62 

46 
39 

20 1 
205 

33 
32 

223 
237 

29 
30 

352 
349 

27 
23 

358 
357 

lions need to be app lied in ord er to extract tidal heighls. 
Amplitudes must th erefore be used with caulion. Ph ase 
lags should be co rrect, a llhough th e short duration of 
some of these records may mean that some components 
a re unreso lved leading to errors in the phases. 

MODEL RUNS AND RESULTS 

Initi a ll y, the bottom-friclion parameler, k, was set lO 
0.0025 and the model was a llowed to spin up for 7 d and 
run for a furth er 7 d. Sea-s urface elevations were 

Si le 

1 
2 

3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

15 

Table 2. Principal semi-diurnal (Nh, S2 ) and diurnal (0), K l ) lidal conslituenls Jar all known siles wilhin the model 
boundaries 

Lal. (S) Long. ( IV) 

71 ° 03' 
72° 53' 
74° 23' 
74° 26' 
77° 07' 
76° 45' 
77° 43' 
77° 08' 
77° 53' 
78° 37' 
78° 33' 
78° 33' 
79° 44' 

47° 05' 
54° 43' 

I 1° 45' 

19° 37' 
37° 39' 
39° 24' 
49° 03' 
64° 30' 
4 1 ° 08' 
50° 30' 
52° 45' 
55° 08' 
82° 58' 
82° 58' 
67° 2 1' 

Nh 
H G 

cm 

42 
43 

46 

56 
57 
53 
49 
93 
44 
27 
23 
35 

126 
165 

137 

cm 

268 21 
277 22 

201 33 

220 39 
242 39 
233 38 
280 29 
92 54 

286 23 
224 16 
144 8 
159 25 
72 79 
72 104 

61 81 

° 

299 
323 

223 
242 
262 
264 
295 
161 

320 
291 
245 
182 
98 
98 

89 

cm 

18 
20 

29 
3 1 
30 
32 
28 
51 
22 
22 
17 
14 
35 
45 

34 

50 
49 

352 
359 

6 
7 

23 
36 
23 

132 
93 

127 
63 
63 

58 

cm 

15 
19 

27 

29 
36 
32 
29 
4 1 

20 
16 
15 
38 
50 

32 

Reference 

67 Smithson, 1992 
66 Sm ilhson, 1992 (unpub

lished Append ix (1994)) 
358 Smi thson, 1992 

5 Smithson, 1992 
17 Smithson, 1992 
6 Smi lhson, 1992 

23 Smi lhson, 1992 
147 Doake, 1992 

Doake, 1992 
264 Doake, 1992 
231 Doake, 1992 
2 19 Doake, 1992 
55 Doake, 1992 
55 Doake. 1992 

72 Doake, 1992 

221 https://doi.org/10.3189/S0260305500013471 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500013471


I
~
 

~ 
I
~
 

"-
J
 

;::
:,-

<.
-, 

C
> 

6
00 S 

I 
r' 

__ '.0
-
i~

~U
"l
M:
U
)
j
k
k
;;

:M
&k

ab
.W

i 
60

0S
 

;::
: 

60
0 S 

I 
ib
~

.%
i
Q
jL
4
k

.:&
'~

. 
j~
i
6
0
0
S
 

'" ;:s
 "'
-

;2
.. 

;::
:,-

65
°S

!"
" 

~
'S 

[ 

[ 
65

°S
 

'" 

'" i
~' 

(~
i~

 
;::; 

(:~~
 Ni

;~
 

',-
a '" 

",
 

'" '" 
7

00 S!
""

 
7

00 S 
. 

, 
, 

70
0 S 

'" ~
 

<.
-, 

75
°S

r
 

r 
., 

9
0

.1
8

0
 

~ 
7

5
°S

 
~ 

.
-
.
-

~ 
60

 .
1

8
0

 
~ 

.
.
.
.
 
I

·~
75

°S 
§ "'

- '" -., 

"I
~ 

~ ,
~
 

iws 
,~s

 ~ 
~
 

i 
~ '.

; 
i'~s

 
~
I
~
 

~~
>'

~ 
;::

:,- '" 
8

00 S
r
 

, 
.. ~

1I
II
iI
fI
""
 
~
 

., 
~ 

:'~
" 

~
 

o 
0 

'" 
o 

0 
:::

,..
 

~
 

8
5°

S
I 

I 
I 

18
5°

S 
8

5
°S

 
I 

I 
I 

I 8
50

S 
I' ::t

l 
9O

'W
 

70
0W

 
50

'W
 

3
00 W

 
1

0'
W

 
9

0
0 W

 
70

'W
 

5
0

'W
 

3
0'

W
 

1
0

'W
 

9
0

0 W
 

70
'W

 
5

0
0 W

 
3

0'
W

 
1

00
W

 
9Q

'W
 

7
0

0W
 

50
'W

 
3

0
0 W

 
1

0'
W

 
C

> ;:s
 

;:s
 "" ;:;-
- '" V)
 

:::
,..

 

'" <::
::; :::t
.. 

0
, 

a
m

p
lit

u
d

e
 

0
, 

p
h

a
se

 
K

, 
a

m
p

lit
u

d
e

 
K

, 
ph

as
e 

"'-
60

0 S 
I 

I
M

O
~
 

6
00

S 
, 

60
0S

 
~
 ti..
 

;:;
. '" 

65
°S

 ~ 
";

' 

(':i
~ 

6
5

°S
 

6
5

°S
 

5
2

 
36

0 

(c
m

) 
('

) 

7
00 S 

I-
7

0
0S

 
7

00 S 
3

9
 

27
0 

~ 
70

0 S 

2
6

.1
8

0
 

2
6

 
18

0 
75

°S
 I-

A
 

7 

-j
 

7
5

°S
 

7
5

°S
 

75
°S

 

13

19
0

 
1

3
 

90
 

8
00 S 

~ 
~
 
~
 

~ 
8

0
0 S 

8
00 S 

I 
..

.:
:'

I
 

18
00

S 

o 
0 

0 
0 

85
°S

 I 
I 

I 
I 

8
5

°S
 

8
5

°S
 

'8
5

°S
 

9O
'W

 
70

'W
 

50
'W

 
3

0
0 W

 
1

00
W

 
9

0
0 W

 
70

'W
 

5
00 W

 
30

'W
 

1
00

W
 

9
0

0 W
 

70
0W

 
5

0
0 W

 
30

'W
 

1
00

W
 

9O
'W

 
7

0
0W

 
So

oW
 

3
0

0 W
 

10
'W

 

F
ig

. 
4.

 A
m

/J
lit

lld
es

 a
lld

 jJ
/za

se
s 

Jo
r 

lh
e 

pr
in

ci
pa

l 
se

m
i-

di
ur

na
l 

al
ld

 d
iu

rn
al

 l
id

al
 c

on
sl

ilu
en

ts
 J

or
 I

he
 "

st
al

ld
ar

d
" 

m
od

el
 r

u
ll 

(u
lld

er
-i

ce
 b

ot
to

m
-F

ic
ti

on
 c

oe
JJ

ic
ie

nt
, 

k
, 

do
ub

le
 t

ha
l 

ill
 t

he
 a

/Je
ll 

oc
ea

n)
. 

T
h

e 
ex

le
nt

 q
! t

he
 jJ

er
m

an
en

t 
ic

e 
is

 g
iv

en
 b

y 
th

e 
da

sh
ed

 l
in

e.
 

https://doi.org/10.3189/S0260305500013471 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500013471


M
2 

a
m

p
lit

u
d

e
 

M
2 

p
h

a
s
e

 
5

2
 a

m
p

li
tu

d
e

 
5

2
 p

h
a

se
 

6
0°

5 
,.

..
--

-"
"T

""
"-

.';
;; 

0
'
 

6
0°

5 
60

°5
 

• 
' 

,>
, ~

 
, 

, 
, 

'z
j 

/"
 

65
°5

, 
18

0 
36

0 
65

°5
 

1
2

0
 

36
0 

65
°5

 

~
 

n 
~
 

n 
7

00
5 

[ 
13

5 
27

0 
7

0°
5 

9
0

 
27

0 
I-

"" 
i
:
?
'
 "

@
"'

''''
$]

f,
N

U
 7

0°
5 

\"
: f

 
'<"

u, 
:":"

 
"I

//
"

~ 
'~">.'

. -
' 

,.
""

",
:r

/h
%

) 
~')o"/

." 

75
°5

 
/ 

f'
 <,<

,,\~
;r0;

i:;r
 

" 
'"'

 
".

. 
'" 

''
'"

, '4
 ~ ~-

",
,'S

 

8
0°

5 
f-

k 
~~
 f

#"
ff

: 
...j

 
""":

1t;
.... 

8
0°

5 
8

0°
5

. 
:\;

4'
 "

, 
:~1

:i~;
 

:~
"s

 
~ 8

0°
5 

O
 

0 
.'t

',1
 

,
~J
i 

0 
0 

• 
' 

;»
 

:'
,)

~j
:.

 
. 

. 
-'

0S
 

45
190

 
~ 
~
 ... "~"

~""<
r 

1 
~

. 
f 

30
190

 
I 

.,.,.
>.

 
i 

85
°5

 I
 

I 
I 

I 
18

5°
5 

85
°5

 
I 

1 
I 

85
°5

 
er

, 
90

0 W
 

70
0W

 
5

0
'W

 
30

0 W
 

1
00

W
 

9
0

0 W
 

70
'W

 
5

00
W

 
3

0'
W

 
10

'W
 

9
0

·W
 

70
'W

 
5

00 W
 

3
00 W

 
10

'W
 

90
0 W

 
70

0W
 

50
0 W

 
3

00 W
 

1
00

W
 

~:
 

0
, 

a
m

p
lit

u
d

e
 

0
, 

p
h

a
s
e

 
K

, 
a

m
p

li
tu

d
e

 
K

, 
p

h
a

se
 

::::
 '" a '" 0::
 

E;,
., 
~
 

::::
-

'" 2; 

6
0°

5 
1 

16
0°

5 
6

0°
5 

1 
6

0°
5 

a '"' '" ~ 

65
°5

 I
-

A
m

 
52

 
3

6
0

 
[ 

]6
5

0 5 
65

°5
 [

 
t,}

,~ 
~;>

 
5

2
 

36
0 

[ 
65

°5
 

~ 
(c

m
) 
I:J

 (')
i*~ 

"'l
!,.

 '-
(c

m
) 
Q

 (')
 

~ 
7

0°
5 

f-
4I

W
i:';

Ji
!Z

 
39

1
1

27
0 

7
0°

5 
7

0°
5 

11
;\

' 
~;;,.

 
.1 

39
1

1
27

0 
7

0°
5 

~ ;;: '"l'J
 

..
 
..

..
 

2
6

.1
8

0
 

I 
~
 

.'
. 
J 

I 
" 

•
. 

:'.
 

'1
1i

!I.
 J

 
2

6
.1

8
0

 
I 

.
.
-
.
.
 J 

s= 
75

°5
 f

-
.
-

1;
1 

::n
M

iI'i
ID

t1
rn

m
' 

...j
 

~
.
-
.
.
 

7
5

°5
 

75
°5

 
~ 

~t
w.
.*
),
<i
il
't
@ 
,
3

 
I-
~
 

75
°5

 
;os

 '" r 

w
H

 
,
-
-
-

,,
-

"'
:I
~ 

~ ~
 

+~S
 

" .. ~
 

i ':
1:' 

~ ~
 

1'~S
! 

.-
. 

~
 

er
, 

85
°5

 I
 

I 
I 

I 
18

5°
5 

85
°5

 
I 

1 
I 

I 
1 

I 8
5°

5 
it

 
9O

'W
 

70
0W

 
5

0
'W

 
30

·W
 

1
0

'W
 

9
0

0 W
 

70
'W

 
5

00 W
 

30
·W

 
10

0W
 

9
0

0 W
 

70
'W

 
5

00 W
 

3
00 W

 
10

'W
 

9O
'W

 
7

00
W

 
50

·W
 

3
0

'W
 

1
0'

W
 

S
 ::"
" 

;os
 

I~
 

F
ig

 . 
.'5.

 A
m

jJ
lit

ud
es

 a
nd

/J
ha

se
s J

ar
 t

he
 jJ

ril
lc

ij)
(ti

 s
em

i-
di

um
af

 a
nd

 d
iu

rn
al

 t
id

al
 c

on
sl

il
l/e

lll
s 

w
ith

 t
he

 u
nd

er
-i

ce
 b

ol
lo

m
:ji

-ic
lio

ll 
~ 

~
 

co
tjj

i'c
ie

llt
, 

k,
 5

0 
tim

es
 I

ha
l 

in
 t

lte
 o

pe
n 

oc
ea

n.
 

Th
e 

ex
le

nt
 o

f th
e 

jJe
rm

an
en

t 
ic

e 
is 

gi
ve

n 
b)

i 
th

e 
da

sh
ed

 f
in

e
. 

8' 

https://doi.org/10.3189/S0260305500013471 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500013471


Smillzson and others: Ocean tides under the Filchner-Ronne Ice Shelf, Antarctica 

computed for hourly values a nd analysed for the lVh tid e. 
Comparison with measurements a t various sites showed 
tha t in the open ocean, away from the ice front, there was 
good agreement between the model a nd measurements, 
but ove r th e ice-cove red region the agreement worsened 
with distance from the ice front. Nevertheless, these initi a l 
results were encouraging considering the uncerta inti es 
inherent in the ba th ymetry and open-boundary condi
ti ons. Subsequent runs of th e model used the improved 
ba th ymetry of Vaughan a nd o thers (1994) a nd the model 
was modifi ed to allow the bo ttom-fri cti on coefIi cien t, k, 
under the ice-covered wa ter to be differen t from th a t in 
open wa ter. As sta ted earli er, this was in order to simulate 
dissipa ti on of tidal energy by the ice shelf. 0 ass umptions 
a re being mad e a bout th e m echa ni sm for ene rgy 
dissipa tion. Following the method of M acAyeal ( 1984) 
th e bottom-fri ction coefIi cient was doubled to 0.0050. The 
model was a llowed to run for4 weeks and the hourl y 
elevations produced were ana lysed for the principa l semi
diurn a l constitu ents lVh a nd 82 a nd th e diurn a l 
constitu ents 0 1 and K 1. This was ad opted as th e 
"s tand ard " run and used for compa rison with a ll 
subsequent runs. Figure 4 shows the a mplitudes a nd 
phases for these four constituents. The main features 

observed a re the amphid ro mes in M2 and 82 a t the edge 
of the R onne I ce Shelf. Although this is consistent with 
th e availa ble measurements, th ere are no t enough d ata to 
support o r refut e the ex istence of such a fea ture. The lvh 
tide a lso a ppears to be in agreement with the work of 
Genco a nd others (1994). There is a lso evidence for 
maxima in the 0 1 and Kl amplitudes a t a bout 73° S, 
500 W near to the continenta l shelf break. In the open sea 
the results were consistent with th e avail able measure
mClHs. In the ice-covered region th ere was no significant 
improvement and , as with the initia l runs where the 
fri ction coefIi cien ts under the ice and in the open ocean 
were equal, the corres pondence between model output 

and measurements on the ice shelf worsened with distance 
from the ice front . 

In order to reprod uce the observed tides a t the 
g rounding li ne sites it was necessary to use a va lue for the 
fr iction pa rameter under the ice which was 25 times th a t 

used for th e "s tanda rd " run (50 times the open-sea 
value) . The results fo r the same four tid a l constituents, 
M 2, S2, 0 1 a nd K 1 , a re shown in Figure 5. The effec t on 
the semi-diurna l constituen ts, Nh a nd S2, is to move the 
amphid romes to the wes t a nd prod uce a general increase 
in the a m plitudes, wi th the ea rli er ag reemen t wi th 

measurements near the ice front, a nd ind eed with the 
pelagic m eas urements, being spoil ed . H owever , the 
measurcments near to the g rounding line a re now 
reproduccd m uch morc accura tely. The diurna l consti
tuents 0 1 and K l a re not a ffected to a ny large ex tent but 
there is a sma ll increase in a mpli tud e with the appeara nce 
of further max ima following the line of the continenta l 
shelf break. T here is li t tle or no change in phase. 

SUMMARY AND DISCUSSION 

T he numerica l unite-difference model of Fla ther (1994) 
has been used to simula te the tides of the Weddell Sea. 
Initia l findin gs show tha t, a lthough the tid es of th e open 
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ocean can be reproduced sati sfactoril y, the model is no t so 
effec tive in the ice-cove red regions, especially near to the 
grounding line. This might be expec ted as one moves 
towards sites near the g rounding line because of the effec ts 
of ice-shelf bending. Flex ure of the ice shelf is likely to be 
signifi cant within severa l kilometre of the grounding line 
but it is not thought to be a n important factor at g reater 
dista nces (Holdsworth , 1977 ) . Doubling the fri ction 
coefIi cient under the ice does not produce an y signifi cant 
cha nges . I t is necessary to increase the fri ction 50-fold 
under the ice in ord er to give accepta ble results nea r to 
the grounding line. The consequence of this is th a t, for th e 
semi-diurna l tides, a ny agreement near to the ice edge 
a nd in the open ocean is los t. It seems tha t, in order to 
produce agreement over the whole region, it may be 
necessa ry to use a fri cti on coefIi cient under the ice shelf 
which can vary with di stance from the grounding line, 
ma tching the open-ocean value a t the ice front. The 
diurna l tid es a re not altered greatly by the increase in 
bottom fri ction. H owever, they do show some interesting 
effects in th e region of the continenta l shelf break, 
sugges ting th e genera ti on of shelf waves. 

Future work will involve modifying the model in order 
to a llow for a vari able bo ttom-fri cti on coeffi cient under 
the ice. The effec t of using a l ternati ve global ocean 

models for specifica tion of the open-boundary conditions 
and the importance of the equilibrium tide and sea-bed 
deform a ti on will a lso be investiga ted . In this way, it may 
be possible to determine some of the fac tors which a re 
importa nt to the tid a l motion. 

It is clear that a maj or constra int in producing a n 
accura te mod el of the region is th e lack of ground-truth 
d a ta for model valida tion. There are, however, immense 
technica l problems in ta king accura te tidal measurements 
close to th e ice front or, indeed , under the ice itse lf. 
Nevertheless, these problems are being addressed a nd it is 
possible tha t bottom-pressure recorders will be deployed 

near to the perm anent ice front earl y in 1998, with 
recovery of the instruments the following yea r. M odel 
experiments will help to pinpoint the bes t locations for 
such deployments. It may be tha t the fa ilure to reproducc 
the da ta nea r to the g rounding line is due to some 
mechanism missing frolTl the mod el a nd it is hoped tha t 
accura te measurements in the region will allow us to 
es ta blish a set of model pa rameters for the south ern 
vVeddell Sea, ena bling us to gain some insight into the 
physical p rocesses a t wo rk under th e ice. 
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