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ABSTRACT 

Records of current meters and thermistor chains 
moored at four closely spaced positions in the 
stratified Central North Sea during the summer 
of 1982 were analysed for "fluctuating signals" in 
the semidiurnal tidal band. The fluctuating cur- 
rent signal was defined as the residual time 
series after subtraction of a hindcast harmonic 
series (identified as barotropic currents) from the 
original data. The fluctuating temperature signal 
resulted after subtraction of the low-passed tem- 
perature field from the original data. During the 
period of interest a distinct frontal zone passed 
the moorings. Correlations and inspection of 
semidiurnal bandpass filtered graphs revealed 
no evidence for the existence of internal tides. 
Fluctuating temperature signals seemed to be 
caused mainly by rigid tidal advection of the fron- 
tal zone. The fluctuating current signals were 
partly caused by tidal advection of the 
geostrophic current, associated with the frontal 
zone, and partly by a phase shift in the barotropic 
current, due to stratification. 

1. INTRODUCTION 

Internal tide observations are among the most 
reported oceanographical phenomena in seas 
where strat i f icat ion is present (SCHOTT, 1971; 
WUNSCH, 1975; HOLLOWAY, 1983; SHERWlN, 1987). 
Yet the identi f icat ion of a temperature or 
baroclinic current f luctuation in the tidal fre- 
quency band with an internal tide is a step not to 
be taken without applying appropriate consisten- 
cy tests (SCHOTT, 1977), since observed tidal 
band f luctuat ions may as well be created by 
barotropic tidal advection of low frequency cur- 
rent and temperature fields (MUIR, 1980; KOBLIN- 
SKY, 1981). These consistency tests are easi ly 

performed, as free (or damped) internal waves 
satisfy a number of dynamical relations among 
the measurable field variables as well as a 
dispersion relation. These relations are 
dist inguishable from the relations governing 
tidal advection when three or more mooring sta- 
t ions are present (MUIR, 1980). 

In this paper tidal band current and tempera- 
ture t ime series are examined to test the ex- 
istence of internal tide motions. A number of 
alternative processes is conjectured to explain 
observed phase relations of the dynamical 
variables. The observations carried out were per- 
formed during the summer of 1982, when the 
Royal Netherlands Meteorological Institute 
(KNMI), de Bilt, the Institute of Meteorology and 
Oceanography (IMOU), Utrecht, and the 
Netherlands Institute for Sea Research (NIOZ), 
Texel, cooperated to investigate the seasonal 
strat i f icat ion in the Central North Sea. The meas- 
urement site has a relatively flat bottom at water 
depths of around 50 m. The site lies well on the 
continental shelf (Fig. 1). Data were obtained 
both from moored instruments, such as current 
meters and thermistor chains (Table 1), and from 
shipborne instruments, such as CTD and 
meteorological equipment. 

All t ime series of measured current velocity 
components u (east) and v (north) are decompos- 
ed separately into three parts: (1) the tidal har- 
monic series u0= (u0, v0), called barotropic 
currents, (2) the " f luctuat ing"  (residual) velocity 
signals u ~ = (u', v'), which resulted after subtrac- 
tion of the barotropic series from the original 
t ime s_£eries, (3) the low-frequency field ug = (O--g 
sin o~,Ug cos o~), with c~ denoting the direction of 
the field in degrees true North. Thermistor chain 
data were decomposed in a low frequency field T 
and in f luctuating temperature signals T', which 
can be regarded as variations on this low- 
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Fig. 1. a) Map of the North Sea with 20, 40, 60 m 
isobaths and position of mooring network in 1982 (the 
indicated rectangle). Wind observations are performed 
on platform K13. b) Current meter (+) and thermistor 
chain (O) mooring positions within the rectangle of a). 

frequency field. The method of decomposit ion 
wil l be described in section 2. 

During the analysed period (Table 1) the Cen- 
tral North Sea was stratif ied, the mean ther- 
mocline depth being 25 m (Fig. 2). Salinity did not 
contribute substant ial ly to the observed density 
gradients. The south-eastern boundary to well- 
mixed waters was near the mooring posit ions 
(Fig. 3). After the passage of a (south-)westerly 

storm (Fig. 2c) around day 232, the wind-mixed 
layer deepened considerably (Fig. 2a), causing a 
steepening and intensif icat ion of this frontal 
zone (compare Figs 3a and 3b). The low- 
frequency current field at station I, shown in Fig. 
2b, reveals a strong along-frontal jet around day 
232, which is due to the frontal passage and not 
associated with the wind event, as its maximum 
occurs near the mean thermocline depth ( V A N  

AKEN et al., 1987). It is interesting to see how 
these low-frequent environmental condit ions in- 
f luence tidal band fluctuations. Therefore the 
description of the observations (section 3) and 
the discussion (section 4) will be focused on 3 
time spans, which can be recognized in Fig. 2: 
the stratif ied period (days 215-230); the passage 
of the frontal zone (days 230-240); the 
"unstrat i f ied"  period (from day 240 onward). 
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2. DATA HANDLING 

All data were analysed on a CYBER-computer. As 
we were interested in tidal motions the data were 
first turned into time series of hourly values by 
simple averaging. To obtain low-passed tempera- 
ture (and velocity) signals, thermistor chain (and 
current meter) data were smoothed by using 
50-hour running mean fi l ters twice. The fluc- 
tuating temperature signal was computed by 
subtracting the low-passed temperature signal 
from the original data. 

As we were interested in semidiurnal tidal 
band velocity signals related to strat i f icat ion, 
such as internal tidal currents, these signals 
were isolated from the measurements. After in- 
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TABLE 1 
Positions, depths, local sea depth, operational periods and sampling periods of current meters and thermistor 

chains in 1982. dt=sampting period. * Every 2 m a thermistor. 

N E depths (m) water period dt 
depth (m) (year-day) (min) 

Current meters 

I 54o30 , 4o30 ' 12, 24, 30, 37 49 215-252 10 
18 215-239 10 
44 215-240 10 

J 54o35 ' 4o30 ' 12, 43 48 215-252 10 
K 54o27 ' 4o22 ' 12, 27, 44 49 215-252 10 
L 54o27 ' 4038 ' 12, 27, 42 47 215-252 10 

Thermistor chains 

I 54o30 , 4o30 ' 11.31" 49 215-253 15 
K 54o27 ' 4o22 ' 11-31" 49 215-253 15 
L 54o27 ' 4o38 ' 9-29* 47 215-253 15 

spect ion of the ampl i tude spectrum of the 
original t ime series u, v, the harmonic tidal con- 
st i tuents c% : O1, K1, N2, M2, S2, M 4 and M 6 were 
used in a harmonic analysis over the total span 
of t ime of at least one month (DRONKERS, 1964). 
AS the barotropic t idal currents showed a vertical 
structure due to bottom fr ict ion (MAAS & ~/AN 
HAREM, 1987), it was considered necessary to 
define the harmonic series u o= ~ u0(~n) at each 
mooring posit ion and depth as ~he "barotropic 
current"  record for that speci f ic posi t ion and 
depth. The ampl i tudes and phases for the most 
energetic t idal const i tuent  M 2 at 12 m depth are 
given in Table 2 as an example. The result ing 
signals u', hereafter referred to as " f luc tuat ing 
current"  signals, are defined as u '=  u - ; C u  0 (~n) 
for each mooring posit ion and depth, non the 
assumpt ion that internal t ides (and other modes 
of motion) are not phase locked to the barotropic 
currents over the analysed t ime span 
(HOLLOWAY, 1983), these are contained entirely 
in u'. All ca lculat ions were performed for both 
veloci ty components separately. From the nor- 
malized variances before and after performing 
harmonic analysis it was found that the 
barotropic currents contained 80-90% of the 
total energy in east veloci t ies u and 25-80% in 
north veloci t ies v. 

Because of the broad semidiurnal f requency 
band, which contained most of the energy as can 
be seen in Fig. 4, the f luctuat ing signals were 
bandpass fi ltered. A symmetr ic cosine f i l ter ex- 
c luding the inertial f requency was used after 

tapering the t ime series with a simi lar ly shaped 
window. Table 3 shows the half ampl i tude f i l ter 
frequencies. 

Besides inspect ion of the graphs of the fluc- 
tuat ing signals, numerous correlat ions between 
di f ferent t ime series were calculated to obtain 
phase relat ionships between the field variables. 
In order to increase the number of degrees of 
freedom, correlat ions performed for t ime spans 
of 64 hours were averaged. This length was 
chosen to obtain correlat ion results for the 
semidiurnal  frequency band which had a width 
simi lar to the width of the bandpass f i l ter (Table 
3). The s igni f icant  coherence level c was 
calculated according to THOMPSON (1979) as c = 
{1-ozl/(n-1)} 1/2, where n denotes the number of 
est imates and 1-c~ the conf idence level, which 
was chosen as 95% . The minimal number of 
est imates (n >5; THOMPSON, 1979) forced a lower 
boundary time-series length of nearly two weeks 
(-~5 x 64 hours). To investigate the t ime evolut ion 
of the correlat ions, calculat ions were performed 
for these minimal t ime intervals of two weeks 
(Fig. 5). To obtain a s l ight ly  more detailed picture 
of the t ime evolution, consecut ive calculat ions 
overlapped half way. 

3. OBSERVATIONS AND CORRELATION 
RESULTS 

Fig. 6 shows raw and bandpass fi l tered tempera- 
ture f luc tuat ions at stat ion I. Other stat ions 
show similar pictures. Comparison of the raw 
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TABLE 2 
Amplitudes (cms -1) and phases ¢, (degrees) from Har- 
monic Analysis for the tidal frequency M 2 of the east 
(Uo) and north (Vo) barotropic velocity components at 12 
m depth. Phases with respect to 1-1-1982 24.00 GMT. 
Errors in the observed amplitudes and phases were 
estimated, by TEE'S (1982) method, with an overall root- 
mean-square value of the fluctuating currents of: ~,= 5 
cm s-1. This value implies an error of the harmonic 
amplitudes of Au0~ Av 0 = \,2~,M '/2 _--0.4 crns - 1, where M 
denotes half the number of hourly data points (typically 
M =400, Table 1). 
The error of the harmonic phases reads respectively, 

~Ouo = sin - ~(~u0/u0) ~ 1 °, ~ev0 = sin - 1 (~Uo/Vo) ~ 15 o. 

s ta tion Uo 0% v0 o% 

t 23.6 5 .8 285 
J 22.7 4 1.2 317 
K 22.7 8 2.1 342 
L 24.6 6 1.2 58 

and bandpass f i l tered s ignals  seems to show 
that  re lat ive ly  energet ic  super t ida l  f requency mo- 
t ions occur  before day 230 (strat i f ied period). 
Dist inct  semid iu rna l  t idal  band tempera ture  fluc- 
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TABLE 3 J 
Half ampli tude response frequencies (x 10 4 rads ~) ,64h, II 
of bandpass fi lter (a) and correlation band (b). I I I 

M 2 = 1.405189 x 10 -4 rad-s - 1 ~5/64 hr-  1. I 
I , t 

(a) (b) 2 t5  

~left 1.222 1.227 
aright 1.571 1.500 

tua t ions ,  occur r ing  at the t h e r m o c l i n e  depth ,  are 
mos t  p ronounced  be tween  days  230 and 237, 
when the t h e r m o c l i n e  deepens  (Figs 2a and 6). 

The semid iu rna l  t ida l  band shows  a s l igh t  
a m p l i t u d e  increase for  u' and v' at 30, 37 and 44 

Fig. 5. Schematic of the division of total t ime series in- 
to smaller blocks of 64 hours each, intended for 
calculation of the correlation. Each calculation with 5 
degrees of freedom (i.e. the average of five consecutive 
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intervals of 64 hours) represents a t ime span of nearly 
14 days centered around the enlarged year-day 
numbers. Consecutive correlations are shifted in t ime 

by 7 days. 
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Fig. 6. Raw (a) and bandpass filtered (b) time series of f luctuating temperature signals T' (°C) for station I 
(from MAAS & VAN HAREN, 1986). 

m depth at s ta t ion I around day 233 (Fig. 7). The 
bandpass  f i l tered s igna ls  seem to have an inter- 
m i t tence  period of 4-5 days, wh i le  the overal l  
amp l i t ude  rat io v' / u'_=0.7. Other s ta t ions  show 
s imi la r  p ic tures and results.  

Abou t  one four th of all poss ib le  cor re la t ions  
between t ime series of u', v', T' and u 0 at dif- 
ferent hor izonta l  and ver t ica l  pos i t ions  have 
been ca lcu la ted.  Phase d i f fe rences between 
t ime series are shown in Table 4 on ly  when the 
s igna ls  are correlated.  Be low the thermoc l ine ,  u 0 
at 30 m depth is corre lated wi th  T' in the 
s t ra t i f ied period and dur ing the passage of the 
f ront  (Table 4a). T' lags u 0 by 115 ° , at s ta t ion I 
and by 140 ° , at s ta t ion L(no t  shown;  ca l cu la t i ons  
per formed wi th  u 0 at 27 m). Corre la t ion ca lcu la-  
t ions  between temperature  f l uc tua t i ons  show 
hard ly  any coherence (Table 4b). The same might  
be said of cor re la t ions  between u' and T' (Table 
4c). Table 4d shows  smal l  phase d i f fe rences of 
about  20 ° when cor re la t ion occurs  between ver- 

t i ca l l y  separated u's. Other comb ina t i ons  of 
pairs u' at s ta t ion I have also been ca lcu la ted  but 
are not shown in Table 4d as no coherence ex- 
isted. The cor re la t ion in u' between d i f ferent  
moor ings  is remarkably  good (Table 4e). Phase 
d i f fe rences are very smal l  ( -  20°), but larger than 
the phase d i f fe rences in the barot rop ic  cur rents  
between the moor ing pos i t ions  (2-3°; Table 2). 
Only  from 30 m downwards  some coherence be- 
tween u' and u 0 ex is ts  (Table 4f). The phase dif- 
ference of some 95 ° around day 237 was found at 
al l  s ta t ions  at s imi lar  depths,  a l though  at no sta- 
t ion the s ign i f i can t  coherence level was exceed- 
ed. A phase d i f ference of 75 ° domina tes  the 
resul ts  for cor re la t ion of u' and v' at the same 
depth (Table 4g). 
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4. DISCUSSION 

4.1. INTERNAL TIDES 

Interaction of the barotropic tide with a local 
change in depth, such as Dogger Bank, can 

generate internal tides which propagate away on 
the thermocline (BAINES, 1982). Because of their 
nature the internal tides should be contained in 
the fluctuating signals. SCHOTT (1971) assigned 
Dogger Bank as the generation site for the inter- 
nal tidal waves he detected. His moorings were 
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TABLE 4 

Time evolut ion of phase dif ferences in degrees between t ime series which correlate with 95% conf idence. 
Posit ive phase dif ference in A*B denotes A lags B. The notat ion, when fully used, reads Ab, c where A = correlated 
parameter, b = mooring stat ion, c = depth of meter (m). When no phase dif ference is shown no coherence exists. 
(a) u01~ .T I' (b) TI '*T K' (c) u 130 *Tl ' ; (d) ul'*U I' in the vert ical plane; (e) u '*u '  in the horizontal plane (f) ul'*u0,. Be- 
tweed~orackets: points corre}ating at the 90% conf idence level; (g) Ul'.Vl'. + : no results because of failure o{ cur- 

rent meters 118 and 144. 

(a) Day: 223 230 237 245 ~) Day: 223 230 237 245 
Depth Depth 

T'29 115 31 16 
T'27 - 1 1 8  118 112 29 
T'25 135 114 27 178 
T'23 124 25 
T'21 127 23 59 
T'15 115 21 89 28 

(c) Day: 223 230 237 245 (d) Day: 223 230 237 245 
Depth Depth 

T'29 12-24 - 3 3  - 2 4  
T'27 24*30 17 
T'25 - 1 7 0  30*44 24 

30*37 25 - 2 - 5 
37*44 10 25 25 

(e) Day: 223 230 237 245 (0 Day: 223 230 237 245 
Depth Depth 

112-J12 - 5 - 8 - 1 0  - 1 0  
112.K12 - 20 - 1 6  - 3 - 3 
112-L12 - 1 3  - 2 2  6 15 
J12*K12 - 6  10 0 
J12*L12 - 3 - 1 3  14 23 
K12*L12 - 6  14 21 
144.143 19 6 + 
144-K44 1 - 2 - 2 + 
144-L42 - 4 2  - 25 - 2 + 
J43*K44 11 15 - 4  10 
J43*L42 - 1 2  - 8 - 5 - 2 
K44*L42 - 38 - 22 - 2 - 1 8  

12 
18 + 
24 
30 - 41 (93) 
37 - 8 1  (101) 
44 

4- 

+ 

~) Day: 223 230 237 245 
Depth 

12 
18 76 77 
24 67 75 
30 97 77 
37 64 
44 157 

73 

69 
116 

p o s i t i o n e d  at  the  s a m e  d i s t a n c e  of  a b o u t  110 km 
f r om D o g g e r  B a n k  as ours ,  bu t  in d e e p e r  w a t e r  

(82 m) to  the  no r th  of  it. In gene ra l ,  i n te rna l  t i da l  
w a v e  l e n g t h s  are la rger  in d e e p e r  wa te r ,  w h i c h  
r e s u l t s  in l o w e r  d i s s i p a t i o n  ra tes  (MARTINSEN & 
WEBER, 1981). An e s t i m a t i o n  of  t he  i n te rna l  t i da l  

w a v e  l e n g t h  can  be c a l c u l a t e d  f rom the  d i spe r -  
s i on  r e l a t i o n  g o v e r n i n g  f ree i n te rna l  w a v e s  in a 

t w o - l a y e r  m o d e l  w i th  d e p t h s  h s and  h b fo r  the  

s u r f a c e  and  b o t t o m  layer  (LEBLOND & MYSAK, 

1978): 

X 2 = (27r)2/(o 2 - f2)ig~2~Thshb/(h s + h b) 

w h e r e  
g = a c c e l e r a t i o n  of  g r a v i t y  

(9.81 m.s -2)  

= t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  
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(2-10- 4 ( ° 6 ) -  1) 
o =  semidiurnal  t idal f requency 

(1.405 x 10 -4  rad.s -1) 
f = inertial f requency 

(1.184 x 10-4 rads  -1 at 54°30'N) 
~T = temperature di f ference over the thermocl ine 

(°C) 

Using values from Fig. 2a and Table 1 an internal 
t idal wave length of 32 km can be estimated, 
wh ich is much smaller than the barotropic tidal 
wave length of O (103 km). Given the mooring 
separation distances (Fig. lb)  and the internal 
t idal wave length, horizontal phase dif ferences in 
internal t idal signals in the order of 90°-180 ° be- 
tween the moorings are to be expected, in con- 
trast to a measured phase dif ference of 2°-3 ° for 
the surface tide (Table 2). 

Since the mooring posi t ions are si tuated far 
enough from the generation site (presumably 
Dogger Bank), internal t idal waves might be 
described as propagating free waves. Model l ing 
the st rat i f icat ion by a two layer sea governed by 
the common equat ions descr ibing long wave mo- 
t ions in an incompressible sea al lows theoret ical  
phase relat ionships between the physical 
parameters to be derived, describing a f irst mode 
(usually the most energetic mode) free internal 
wave at a single location, as given in Table 5. The 
phase relat ionships between the surface tidal 
current and the elevation and current field 
associated with the internal t idal wave depend 
on the distance from the generation site. 

A l though the thermocl ine was well pronounc- 
ed at least during the first 14 days of measure- 
ment, hardly any evidence for the presence of 
internal t ides was found from f luctuat ing current 
veloci ty or temperature observations. While 
bandpass fi l tered T' with ampl i tudes of 1.5°C 
during the strat i f ied period are visible in Fig. 6 , 

TABLE 5 
Local phase differences between parameters describ- 
ing a theoretical first mode propagating free internal 
wave (s = surface, b=bottom). Positive phase dif- 

ference denotes z lagging y. 

Y: T '  U ' s U ' b V'  s v '  b 

z 
T' 
u' 0 ° 
u' 180 ° 180 ° 
v' -90  ° -90  ° 
v' 90 ° 90 ° 

_ 90 ° 
90 ° 180 ° 

correlat ions in the horizontal plane hardly occur 
and do not resemble an expected phase dif- 
ference in the range of 90 ° to 180 ° (Table 4b). The 
same conclus ion applies to the correlat ions in 
Table 4c between u' and T', since the expected 
phase di f ference is 180 ° . A l though Table 4e 
shows a strong coherence for u' in the horizontal 
plane, no agreement is found between the 
calculated and theoret ical ly  expected phase dif- 
ferences, which apply for free internal tides. 
Also, as the observed phase relations might be 
due to a standing internal wave component, the 
corresponding theoretical phase relat ions are 
not conf irmed either. The evidence for internal 
waves is thus absent. 

The question then arises why internal t ides 
cannot be found in our observations? First, the 
only reasonably possible generation site for in- 
ternal waves, i . e .  Dogger Bank, lies at a distance 
of 3.5 t imes the calculated internal t idal 
wavelength. Other investigators have found that 
internal waves (generated at a cont inental  shelf 
edge) were ext inguished after travel l ing on the 
cont inental  shelf a distance of 2-3 wavelengths 
from their generat ion site (PETRIE, 1975; 
HOLLOWAY, 1983). Thus, free internal waves 
radiat ing away from Dogger Bank may have 
dissipated on arrival at our measurement site. In 
contrast, SCHOTT'S (1971) observed internal t idal 
wavelengths were larger, because he was 
measuring in deeper waters (82 m). Secondly, 
Figs 2a and 3 show a frontal zone close to the 
moorings. F luctuat ing signals u' due to frontal 
advection or due to barotropic currents, shif ted 
in phase at such a frontal zone, are likely to 
drown any remaining internal t idal signals, as 
wil l  be shown in the next subsect ions. 

4.2. FRONTAL ADVECTION 

Due to the existence of a frontal zone close to 
and even passing the moorings, the f luctuat ing 
signals u' might as well be due to t idal advect ion 
of this front. However, some uncertaint ies about 
the d is t inct ion between signals due to tidal 
advection and due to internal t ides exist in the 
literature. Al though ment ioning the possib i l i ty  of 
frontal advect ion as a mechanism for their 
measured temperature f luctuat ions from a single 
mooring close to a shelf break front, JONES & 
PADMAN (1983) interpret their data in terms of in- 
ternal t ides exclusively. By using an estuarine 
model of the strongly strat i f ied St. Lawrence es- 
tuary, MUIR (1980) demonstrates the effects of 



Og/0g frontal advection on the density profiles 
measured at a single mooring position. Accor- 
ding to MuwR (1980) most of the measured density 
f luctuat ions are to be ascribed to frontal advec- 
tion rather than to internal tides, although they 
are registrated in the same way. As MUIR (1980) 
rightly points out, in order to dist inguish between 
internal tides and rigidly advected horizontal 
density gradients, one needs three or more 
horizontally spaced moored instruments. 
KOBLINSKY (1981) shows, using a simple model, 
that on the West Florida Shelf measured temper- 
ature f luctuat ions are due to frontal advection. 
He interpreted the absence of dist inct peaks in 
the temperature frequency spectrum as an 
absence of internal tides. According to KOBLIN- 
SKY (1981) and assuming a stat ionary front, with 

- -  .+ 
0T/ax constant, a recti l inear tidal current u 0 = (U 0 
cosot,o) (Table 2), aT'l ax< <aT/ax and 'u' < < U0, 
the t ime variation of the f luctuating temperature 
signal due to frontal advection is given by: 

OT'lat = - U0cosot.~T/oqx. (1) 

A phase difference of 90 ° between u 0 and T' is to 
be expected when they are related according to 
(1). The amplitude of T' will depend on the ratio 
of the frontal width to the tidal excursion 
amplitude Le= U0/o. 

When the associated spatial ly varying horizon- 
tal pressure gradient ( v p ) i s  geostrophical ly 
balanced according to: 

efl~ x Ug+ v p = 0 ,  

where I~ denotes the vertical unit vector, we may 
simi lar ly expect local current f luctuations due to 
rigid tidal advection of the density field (e)and its 
associated geostrophic current ug. Thus at a 
moored position we may expect velocity fluctua- 
t ions due to rigid tidal advection according to: 

u'(x,t) = Ug (x - L e sinot). (2) 

Adopting a bell-shaped profile of the geostrophic 
current amplitude U--g = 0gCOSh-2(X/Lg)(Fig. 8a) 
with x = 0 at the jets maximum and Lg denoting 
the geostrophic current width, equation (2) 
predicts local velocity f luctuations. Fig. 8 shows 
some synthetic results for u', which depend, both 
in amplitude and in phase, on the distance of the 
mooring position relative to the jets' axis (x), and 
on the tidal excursion amplitude Le, both in 
terms of Lg. For example, the second harmonic 
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Fig. 8. Synthetically constructed u' (non- 
dimensionalized by Ug = 0g simz) due to tidal advection 
of a geostrophical current u'g and its dependence on 
the ratios Le/Lg and X/Lg (according to (2)). (Lg: typical 
width of geostrophic current; Le: tidal excursion 
length; x: distance of mooring from maximum 
geostrophic current). Assuming a "cosh 2"-shape in 
space of Ug(a), some special cases are shown in (b): 
(....) represents the advecting tidal current; ( ): 
x/Lg=l, Le/Lg=.5; ( • ): X/Lg=-1; Le/L~f=.5; (---): 
X/Lg .2, LelLo=.5. Note that the amplitude6 u ois not 

properly scaled. 

is acquired when x/L e < < 1. The model gives for 
the relationship between u' and v': v' / u '=  
cos~x/sinc~, while the phase difference is 0 °, in- 
dependent of z. This should be contrasted with 
the relationship shown in Table 5 for the case 
when the f luctuating signals are due to internal 
tides. 

With a barotropic current velocity amplitude of 
U 0 = 0.3 ms -1 and, from Fig. 3d, a mean 
horizontal temperature gradient of l°C.km -1, a 
f luctuating temperature amplitude of 2.1 °C is 
calculated from (1). This result, which compares 
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well wi th est imates from Fig. 2a at 27 m depth, is 
extended by performing a simple s imulat ion.  To 
perform this s imulat ion,  we advect the tempera- 
ture field in Fig. 2 with the local barotropic cur- 
rent at 30 m depth after interpret ing Fig. 2a as a 
spatial structure by assuming a steady frontal 
advect ion speed of 2 cm.s-1 in a north-westerly 
direction. The presence of such an advect ing cur- 
rent is suggested by successive hydrographic 
surveys (like Fig. 3) and this magnitude is close 
to the observed mean value of the low passed 
current speed in the lower port ion of the water 
co lumn in this north-westerly direction. The 
semidiurnal ly  bandpass fi l tered result of this 
s imulat ion is shown in Fig. 9. The agreement 
wi th Fig. 6a is reasonable at 27, 29 and 31 m 
depth, so that we can conclude that T' at these 
depths may have been caused by frontal advec- 
tion. An "upper layer front",  suggested by Fig. 2a 
and which consequent ly  shows up in Fig. 9, is 
not apparent in Fig. 6a. We conclude that this 
"upper layer f ront"  represents an evolut ion in 
t ime only, and not in space as is also suggested 
by VAN AKEN et al. (1987). 

If frontal advection is the cause of T' a phase 
di f ference of 90 ° between u 0 at 30 m and T' must 
be found. The results in Table 4a differ by 25 ° 
from this theoret ical prediction, which may be 
due to vertical phase shif t  of the barotropic cur- 
rent at the lower boundary of the thermocl ine, 
found to be around 20 ° by MAAS & VAN HAREN 
(1987). A sui table explanat ion for the observed 
larger phase di f ferences between u 0 and T' at 
stat ion L has not been found. 

Some evidence for current f luc tuat ions due to 
the advect ion of the geostrophic current can be 
found in Table 4f. The result around day 237, 
when u' lags u 0 by around 95 ° , is approximately 
in accordance with a theoret ical predict ion of 
90 ° when the geostrophic current is assumed to 
lie west of the moorings (Figs 2, 3 and 9). Using 
an ampl i tude of u ' = 7  cm.s -1 (Fig. 7a), the bell- 
shaped profi le for Ug, 0g=  15 cm.s -1, c~=33 ° 
(Fig. 2b) and L e= 2.1 km, the typical width of the 
geostrophic current is est imated from (2) to be 
Lg = 5.3 km or about 2.5 t imes L e. 

However, no further evidence for this type of 
frontal advect ion can be found in Table 4f, whi le 
the phase dif ference of 75 ° between u' and v' 
(Table 4g) is not predicted by the advective model 
which gives 0 °. Probably f r ict ional  effects, not 
considered in (2), are responsible for this devia- 
tion. As the vertical current profi le of u 0 is a 
funct ion of depth due to fr ict ion, tidal advect ion 
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Fig. 9. Bandpass filtered time series of simulated fluc- 
tuating temperature signals. The temporal low-pass 
filtered temperature field was interpreted as a spatially 
varying field adopting an unidirectional north-westerly 
displacement speed of 2 cm-s -1, suggested by the 

passage times of the frontal zone at the moorings. 

wi l l  not be rigid, but wil l  cause the dynamical  
system to be disturbed. Consequently,  a 
geostrophic adjustment process wil l  occur wi th 
(super) inert ial osci l la t ions causing a phase dif- 
ference of 90 ° between u' and v'. 
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4.3. PHASE DIFFERENCES IN THE HORIZONTAL 
PLANE FOR u' 

If u 0 causes the existence of u', due to rigid tidal 
advection of a frontal zone, phase differences be- 
tween u' in the horizontal plane are expected to 
be simi lar to those of u 0. Indeed, the correlation 
results for u' in the horizontal plane are 
remarkably good as Table 4e shows signif icance 
for nearly every calculation performed. However, 
the phase differences in Table 4e are an order of 
magnitude larger than the phase differences 
over the mooring posit ions of u 0 of 2 to 3 ° (Table 
2), which are determined for the total t ime span 
from harmonic analysis. 

Based on a model describing the influence of 
fr ict ion and strat i f icat ion on the vertical (phase) 
structure of u0, an explanation for the observed 
horizontal phase differences in u' wil l  be describ- 
ed. The underlying assumption is that as 
strat i f icat ion is changing through the course of 
the measurements both in t ime (Fig. 2a) and in 
space (Fig. 3) and as different strat i f icat ion types 
cause different vertical phase structures of u 0 
(MAAS & VAN HAREN, 1987), these changing phase 
differences consequently are contained in u'. It 
must be remembered that expected horizontal 

phase differences for u', identif ied with internal 
tides, are in the range of 90°-180 °, an order of 
magnitude larger than those of Table 4e. 

The results of Table 4e are plotted in Fig. 10, 
where they are separated in three classes with 
s imi lar qual i tat ive features a, b and c. Both near 
the surface and near the bottom all mooring posi- 
t ions lag position I in phase for class a (the 
stratif ied period), with a maximum phase lag of 
about 40 ° between I and L around day 223. 
Classes b and c describe horizontal phase dif- 
ferences near the surface and near the bottom, 
respectively, during the periods of the frontal 
passage (around day 237) and well-mixed waters 
(around day 245). Class b shows a maximum 
phase difference of 15 ° to 20 ° between L and J 
(J lagging L). For class c, especial ly during the 
frontal passage, small horizontal phase dif- 
ferences occur. 

Horizontal phase differences, measured dur- 
ing the frontal passage (classes b and c), cannot 
be explained by rigid advection of a geostrophic 
current jet, since this will result in horizontal 
phase differences of 0 ° or 180 °, depending on 
the mooring posit ions in relation to the jet's max- 
imum. A possible explanation for the phase dif- 
ferences of classes b and c will be given by using 
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Fig. 10. Phase differences in degrees between u' at different positions in the horizontal plane near the surface 
and the bottom (Table 4e). Different classes explained in the text are denoted by a, b and c. The double arrow 

shows the barotropic tidal current direction. 
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Fig. 11, where vert ical phase profi les for u 0 are 
related to the st rat i f icat ion depth. Curves a and 
c are theoret ical best-fit curves to measurements 
(.), which show dif ferent vertical phase profi les in 
strat i f ied and well-mixed waters, whi le the ver- 
t ical phase di f ferences between the current 
meters near the bottom and near the surface 
have the same value of 23 ° (MAAS & VAN HAREN, 
1987). 

The model used by MAAS & VAN HAREN (1987) 
consisted of three layers in which Ekman 
dynamics were applied. The middle layer, 
representing the thermocl ine, was centered 
around mid-depth, leaving its thickness as a 
variable parameter. Two other variable 
parameters described the eddy viscosi t ies of the 
surface and bottom layers, which were given the 
same value El, and of the middle layer (E2), wi th 
E 2 < < E  1 because of the stabi l iz ing effect of 
strat i f icat ion. All so lut ions of the model were 
matched at the boundaries yielding a fourth 
variable parameter descr ibing the bottom stress. 
By varying the parameters a descript ion, in terms 
of Ekman dynamics, of the vertical structure of 
barotropic currents was found by f i t t ing the 
model curves to the measurements. This model 
is here extended to calculate vertical profi les in 
a frontal zone, simply by introducing a variable 
parameter for the mean depth of the thermocl ine. 
Curve b, calculated for a mean thermocl ine depth 
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Fig. 11. Theoretical ( ) and observed (.) vertical 
phase profiles for u 0 for three different thermocline 
depths denoted by a, b and c in space (after MAAS & 
VAN HAREN, 1987). The position of the thermocline is 
shaded. The phase differences between the current 
meters near the surface and near the bottom are given 

for each profile. 

of z/H = 0.23, shows an enhanced vertical phase 
di f ference for u 0 of 38 °. 

Comparing curve b with curves a or c, we may 
expect horizontal phase dif ferences of 15 ° (0 °) 
for u 0 near the surface (bottom) due to a dif- 
ferent vertical momentum transfer wi th in  the 
frontal zone. As Fig. 11 shows, dif ferent vertical 
phase dif ferences in the barotropic current occur 
at di f ferent posi t ions and times, depending on 
the posit ion or t ime of passage of a frontal zone. 
As the barotropic currents are determined from 
harmonic series spanning the total period of 
measurement, of which the time of frontal 
passage took only some 10%, due to the migra- 
t ion in north-west direct ion of the frontal zone, 
these changing vertical phase dif ferences are 
assumed to be averaged out in the barotropic 
currents. They should consequent ly be contain- 
ed in u'. Note that in this interpretat ion no u' 
would have been detected if the st rat i f icat ion 
was stat ionary at the mooring posit ions. 

No suitable explanat ion has been found for 
the phase dif ferences of class a. 

5. CONCLUSIONS 

Al though a strong strat i f icat ion was present dur- 
ing the period of measurement in a cont inenta l  
shelf sea, d i f f icu l t ies in ident i fy ing internal t ides 
in shal low seas have been brought to l ight (cf. 
WUNSCH, 1975). Even in temperature signals 
hardly any evidence for internal t ides was found 
by comparing phases at dif ferent moorings. One 
of the main causes of the f luctuat ing signals u' 
and T' is associated with the presence of a fron- 
tal zone close to the moorings. At least during 
the passage of this front along the mooring posi- 
t ions, f luctuat ing temperature and veloci ty 
s ignals seemed to be due to tidal advection of 
the frontal zone. The observed horizontal phase 
di f ferences of 20 ° in the f luctuat ing current 
signals may be due to a phase shif t  of the 
barotropic t ide associated with a spatial change 
in thermocl ine depth. 
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