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O c e a n  c u r r e n t s  in the Iceland-Faeroe 
area, m e a s u r e d  b y  a b o t t o m - m o u n t e d  
ADCP 

H.-H. Essen 

Execu t ive  S u m m a r y :  The performance of sonar systems aepenas on the 
spatial sound-speed structure within the ocean, which may change considerably 
with time. The sound-speed changes are mainly due to  currents which are 
nearly always present. Currents, through their mass movement of water, may 
modify frontal structures or cause mixing in the upper layer of the ocean. Time 
scales of current variability of main interest for sonar performance extend from 
a few hours to  some days. 

Current measurements by means of a bottom-mounted acoustic doppler current 
profiler (ADCP) were carried out for 34 days in August 1990 and for 202 days 
from August 1991 to  March 1992 in the Iceland-Faeroe area. This instrument 
measures horizontal current velocities as a function of depth. The main advan- 
tage over conventional current meters is the vertical coverage performed by the 
ADCP. Methods of time-series analysis have been applied in order to  determine 
the dominant oceanic processes in the area under consideration, which are the 
semidiurnal barotropic tide, inertial motions and internal tides. Near-surface 
currents are highly correlated with winds. 

Sound-velocity profiles can be measured a t  selected positions and times only. 
Future work will investigate their horizontal and temporal variability by making 
use of all data available. These are measured sound-velocity profiles, informa- 
tion on horizontal variability from satellite imagery and current measurements 
as presented in this memorandum. 
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Ocean  c u r r e n t s  i n  t h e  Iceland-Faeroe 
area, m e a s u r e d  b y  a b o t t o m - m o u n t e d  
ADCP 

H.-H. Essen 

Abs t rac t :  Horizontal currents as a function of depth, measured by a bottom- 
mounted acoustic doppler current profiler (ADCP) in the Iceland-Faeroe area 
have been analysed. Because of instrumental limitations it was expected that 
currents measured in the upper 15% of the water column would be contami- 
nated by side-lobe reflections from the sea surface. Some evidence has been 
found that this effect is less important in the upper part of the contaminated 
layer. 

The uncontaminated data are of high quality and cover about 75% of the 
water column. By means of least-squares methods, tidal currents have been 
extracted. The semidiurnal tide M2 is dominant, its barotropic portion has 
been estimated from vertically averaged currents. After removing the tides, 
the only significant variance peak left is for clockwise rotating currents around 
the inertial period. Vertical coherence between currents a t  different depth 
levels has been investigated and a decomposition into empirical orthogonal 
eigenfunctions (EOFs) has been performed. 

A surprisingly high correlation has been found between low-pass filtered current 
velocities a t  the (contaminated) near-surface level and wind velocities from the 
wind archive of the UK Meteorological Office. 

Keywords:  bottom-mounted ADCP (acoustic doppler current profiler) o 

Iceland-Faeroe area o tides o inertial motions o winddriven currents 
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Introduction 

Project 23 explores possible applications of data remotely sensed by satellites. Satel- 
lite data have the advantage of covering highly extended areas of the ocean nearly 
synoptically, but the disadvantage of being restricted to the sea surface. For oceano- 
graphic and acoustic purposes, extension of satellite information to subsurface struc- 
tures is required. With respect to sea-surface temperatures, as deduced from infrared 
radiometers, ship-borne surveys with towed thermistor chains yield some of the de- 
sired information. The observed structures include both spatial and temporal vari- 
ability. Additional information on purely temporal variability may be obtained from 
current meters. 

Mixing and advection of temperature structures are due to currents. h the Iceland- 
Faeroe area, these effects are of great importance. Unfortunately, no reliable current 
measurements are available for the upper 50 m of the ocean in this area. For this 
reason, data as obtained from a bottom-mounted acoustic doppler current profler 
(ADCP) during 34 days in August 1990 and for 202 days from August 1991 to March 
1992 are of great interest. The ADCP measures horizontal current velocities as a 
function of depth, by averaging over range bins of selected extension, 8 m for the 
1990 mooring and 16 m for the 1991/92 mooring. Due to possible contamination by 
sidelobe reflections at the sea surface, data from the near-surface layer, extending 
to a depth of about 15% of the water depth, have to be considered with care. For 
the moorings under consideration this is about 60 m. 

Methods of time-series analysis have been applied to the 1-hourly sampled horizontal 
current velocities. In ddition to oceanographic aspects, another purpose of this 
paper is to investigate the reliability of near-surface ADCP data. From geometric 
arguments (Sect. 2) it may be concluded that contamination by sidelobe reflections 
should decrease from a critical depth towards the sea surface. Confirmation for this 
assumption is found in the depth dependence of mean current velocities (Sect. 2) 
and M2 tidal ellipses (Sect. 3). Coherence spectra of currents from adjacent depth 
levels show similar features for all uncontaminated levels and also for the two levels 
below the sea surface, but much less coherence for levels just above the critical depth 
(Sect. 5). Another indication of the quality of near-surface ADCP data is their high 
correlation with winds, as obtained from the wind archive of the UK Meteorological 
Office (Sect. 7). 

The main advantage of the ADCP over conventional current meters is the ex- 
tended vertical coverage, which allows a more reliable estimation of barotropic cur- 
rents. Barotropic transport is mainly parallel to depth contours (Sect. 2), and 
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the barotropic M2 tide appears to be very stable over the half-year period of the 
1991/92 mooring (Sect. 3). Rotational variance spectra (Sect. 4) contain main peaks 
at tidal frequencies. After removing tides, a broad spectrum around the inertial pe- 
riod remains only for clockwise rotating currents, indicating the presence of inertial 
motions. Near-surface currents show different frequency dependencies at the high 
frequency tail of the spectrum. The reason for this finding is not understood. 

Coherence spectra from currents at adjacent and distant depth horizons are pre- 
sented in Sect. 5. Decomposition of the depth dependent current into vertical EOFs 
is performed in Sect. 6. 
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Data  

A bottom-mounted ADCP (acoustic doppler current profiler) was deployed twice 
by SACLANTCEN in the Iceland-Faeroe area. During summer 1990 data were 
collected for a period of 817 h starting on JuLian day 196/1990. The following 
mooring was operated for more than half a year, starting on Julian day 229/1991 
and ending on 6611992, covering a period of 4860 h. The data collected are both 
components of horizontal current velocity at equidistantly spaced depth horizons. 

The ADCP operates by transmitting acoustic pulses and segmenting the backscat- 
tered echo into depth cells. Backscattering occurs within the water column from 
small particles drifting with the current, which cause a doppler-shift in the received 
signal. The measured doppler-shift allows the determination of the current compo- 
nent parallel to the acoustic beam. The ADCP uses a four beam configuration, the 
beams of which are orientated 30' off vertical and in 90' azimuthal increments. From 
the respective radial current velocities two-dimensional vectors are determined. A 
detailed decription of the ADCP is given by RD Instruments (1989). 

Figure 1 shows the geometry of the ADCP as operated in the Iceland-Faeroe area, 
with the water depth refering to the summer 1990 mooring. The sketch shows two 
of the four acoustic main beams, pointing in opposite directions. Obviously, the 
components of current velocity used for computing the two-dimensional vector are 
taken from different positions, with distances increasing towards the sea surface. In 
order to obtain reliable current vectors it has to be assumed that the currents are 
homogeneous over this range. 

Another important feature of the ADCP is also shown by the figure. In addition to 
the main lobe, some energy is transmitted to sidelobes at different angles. Due to 
the much lower intensity their contribution may be ignored in the case of volume 
scattering, but higher scattering strengths at the sea surface may cause contam- 
inations of the signal in the case of simultaneous arrivals. Figure 1 shows that 
the main-lobe signal may be contaminated by sidelobe contributions in the upper - 15% of the total vertical range, which are about 60 m for the configuration shown. 
The dashed curve corresponds to the travel time of a sidelobe first touching the sea 
surface. It should be mentioned that surface scattering is highest in the case of spec- 
ular reflection, which occurs from sea-wave slopes for a certain angle range around 
perpendicular incidence. Thus it may be expected that sidelobe contamination is 
highest at the depth indicated by the dashed Line in the figure and decreases towards 
the surface, because contaminating sidelobes contain decreasing specularly reflected 
portions. In the data analysed, there is some evidence for this effect. 

Report no. changed (Mar 2006): SM-265-UU



I 1 
1 1 1 ) 1 l l l ~ l I l 1 ~ l l l 1 ~ 1 ~ 1 1 ~ 1 1  l 1  

-200 -1 00 0 100 200 
Distance (m) 

Figure 1 Geometry of the bottom-mounted ADCP, installed at 
the Iceland-Faeroe Front in summer 1990. Solid lines represent 
two main beams 30' off the vertical. The dashed line marks the 
depth above which current velocities may be contaminated by 
surface-reflected sidelobes. 

The ADCP was operated at a frequency of 75 kHz. For the 1990 mooring a vertical 
resolution of 8 m was selected, yielding 52 horizons from 427 m to 19 m below the 
sea surface. The vertical resolution of the 1991/92 mooring was 16 m with 24 hori- 
zons from 376 m to 8 m. Depth resolution is obtained by segmenting the received 
backscattered signal, where the range gate duration is set to equal the length of the 
transmitted pulse. The current velocities determined represent weighted vertical 
averages within the range gates. Current velocities of adjacent depth cells are cor- 
related by about 15%. Figure 2 shows the locations of the bottom-mounted ADCP 
during the two mooring periods together with the bathymetry. In summer 1990 the 
water depth at position P1 was 462 m and the tranducers were installed at 439 m, 
the respective values for the half-year mooring 1991/92 at position P2 were 417 m 
and 404 m. 

The current velocities used for further analysis are averaged to l-hour sampling 
rate. Figures 3a and 3b display the total length of vector time series from the two 
mooring periods at three different depths. East and north components of velocity 
are shown separately. Horizons closest to the bottom, just below the critical level 
of contamination and close to the surface are presented. For surface currents the 
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Figure 2 Topography and bathymeiry of the Iceland-Faeroe area, and positions 
of ADCP moorings 1990 ( P I )  and 1991/92 (P2).  Depth contours are in metres. 

second uppermost horizon is shown, because data of the uppermost contain some 
spikes and may be contaminated by surface waves. Again, it should be mentioned 
that these current velocities may be contaminated by sidelobe reflections. 

For further investigation time series of equal length of 810 h were constructed. For 
summer 1990, the period considered covers nearly the whole mooring time, while 6 
distinct partial series are available from the half-year mooring of 1991/92. Figure 
4 shows the depth dependence of currents by displaying the temporal averages of 
the east- and north-component and the rms values of the speed as a function of 
depth. In order to suppress tidal contributions to the means, the time series have 
been shortened to 808 h, which is about 65 times the dominant M2 period. Results 
from the 1990 mooring and from the f i s t  partial times series of the 1991 mooring 
(summer condition) and the last one (winter condition) are presented. The starting 
time of the series are indicated by the Julian day. The dashed lines mark the critical 
depth above which current velocities may be contaminated by sidelobe reflections 
at the sea surface, for which the predicted effect is an underestimation of speed. 
Indeed, this becomes visible in the rms values, which are minimal just above the 
critical depth. The rms-values contain an important contribution from tides and are 
relatively high and nearly constant for depths exceeding 60 m. 

Table 1 contains vertically averaged mean velocities and variances for all partial 
time series available. The lengths of the series considered are again 808 h. Ver- 
tical averaging is performed from the deepest horizon recorded up to the critical 
depth of contamination, i.e. over about 75% of the water column, see Fig. 4. As 
the ADCP performs vertical averaging within the single depth horizons, the mean 
current velocities can be assumed to represent a good estimate of the barotropic 
velocity. 

For the summer 1990 mooring the mean transport is mainly towards the southwest 
and follows the depth contours, see Fig. 2. For the sections of the 1991/92 mooring 
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Figure 3a Current velocities (u, u) from bottom-mounted ADCP, at 
three depth horizons from the 1990 mooring, starting on Julian day 
196.00. 

there is some variation but the main direction is towards the northeast, i.e. opposite 
to the summer 1990 mooring. 
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Figure 3b Current velocities (u, u) from bottom-mounted ADCP, at 
three depth horizons from mooring 1991/92, starting on Jultan day 
229.00. 

Report no. changed (Mar 2006): SM-265-UU



Table 1 Mean components of current velocity and rms value of speed from 
808 h time series with starting time i n  Julian days. 

Year 1990 1991 1991 1991 1991 1991 1992 
Day 196.00 229.00 262.75 296.50 330.25 364.00 32.75 

umean -2.7 1.9 4.9 1.5 1.4 2.3 1.6 
vmear~ -4.8 2.8 4.4 5.1 -0.9 0.4 2.5 
rms 21.7 19.8 23.8 20.1 20.7 19.3 20.8 

a 0 8 ( 1 0 4 0  d D o a  
Vel (cmls) rms Vel (cmls) rrns 

Figure 4 Mean and rms current velocities as function of depth, from time series 
of 808 h duration: 1990 mooring (left panel), 1991/92 mooring, first (middle panel) 
and last (right panel) of 6 partial series, with starting time i n  terms of Julian day. 
Mean u (open circles) and v (filled circle) are displayed, the rms values contain the 
variance of both components. For the dashed lines see Fig. 1. 
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Tides 

A tidal analysis is carried out to determine the tidal parts of the current time series, 
and also to remove these parts for further investigation. For some analysis, such 
as evaluating rotational spectra, it is convenient to represent the two-dimensional 
current vector by a complex number 

where v and u are the north- and east-component of current velocity, respectively, 
U is the speed and B the direction counts counting clockwise from the north. 

The tidal portion of a current time series may be described by the sum of a finite 
number L of tidal harmonics 

with each harmonic of circular frequency wl represented by a tidal ellipse 

Al, B1 are the major and minor axis of the ellipses with orientation a1 and phase 
c p l .  These four real values of each tidal harmonic considered, as well as the mean 
current wo, may be estimated by means of least-squares methods from a measured 
discrete time series wn 

lwn - w,, - wTn12 = c2 = minimum, 
n 

where n refers to the sampling time t,. For computational convenience, complex 
amplitudes are introduced in (3.3) 

with 
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It should be mentioned that inserting (3.5) into (3.4) and solving the minimization 
problem leads to the same set of linear equations as applying the least-squares fit to 
the two components of the current vector separately (Godin, 1972). 

By the approach (3.2) and (3.3), the different tidal harmonics are assumed to have 
constant amplitude and phase over the measuring time, i.e. the process is determin- 
istic and the spectrum consists of a number of discrete lines. Due to the generating 
forces this should be the case, but because of interaction processes within the ocean, 
currents at tidal periods with time-dependent amplitude and phase may occur, rep- 
resenting a random contribution with broader spectra. 

The optimal number L of tidal harmonics and the respective periods, to be inserted 
in (3.2) and (3.3), were determined by trial and error. The aim being to minimize 
c 2 ,  i.e. to explain by tides as much of the observed variance as possible. An increase 
in tidal variance leads to a decrease in e2 in (3.1). It appears that the semidiurnal 
tide M2 (12.42 h) dominates the tidal field and by considering the additional tidal 
harmonics S2 (12.0 h),  N2 (12.7 h),  K 1  (23.9 h) and 01 (25.8 h),  e2 may be reduced 
by about 10%. By adding other tidal harmonics, no further important decrease of 
c2 can be achieved. Thus, for removing tides, we only take into account the five 
harmonics mentioned. 

Interference of tides with similar periods may lead to incorrect estimates of tidal 
parameters. This is illustrated in Fig. 5. The upper part displays the current 
velocities of the 1990 mooring at the deepest horizon at 427 m, see Fig. 3a. The 
variation in tidal amplitudes as visible in the time series is obviously due to the 
interference of the different semidiurnal tides. For three sections of equal length, tidal 
ellipses are presented in the lower part of Fig. 5 (solid lines). The stick represents 
the horizontal current vector at time t = 0. During one tidal period the vector 
rotates along the ellipse in the direction indicated by the arrow. 

The time series are fitted by the M2 only (upper panel) and by a superposition of S2, 
M2, N2, K1 and 01 (lower panel). For reference, tidal ellipses as deduced from the 
total series are also determined and displayed (dashed lines). The axes of the tidal 
ellipses from the three sections show considerable differences, both in dependence 
on the section selected and on the number on tidal harmonics used. Regarding the 
whole time series the latter dependence vanishes. Thus, it may be concluded that 
a time series of some 800 h is necessary for reliably resolving the M2. This value 
matches well the reciprocal frequency difference of the M2 and N2 sernidiurnal tides, 
(vM2 - vN2)-' = 600 h. 

Figure 6a shows the M2 tidal ellipses for all depths horizons available from the 1990 
mooring. In accordance with Fig. 4 the lengths of the time series are 810 h, and 
fitted by the five tides mentioned. Fitting by only M2 yields nearly identical results. 
Horizont a1 current vectors, represented by sticks, are displayed every hour. The 
respective depths are indicated. The M2 tide is relatively stable as a function of 
depth. The decrease in speed between the 67 m and 59 m horizons is obviously due 
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Figure 5 Current velocities (1990 mooring, 427 m )  and M2 ellipses. M2 ellipses 
are computed from 3 partial series of 270 h (solid line), and from the full series of 
810 h (dashed line), with fitting b y  M2 only (upper panel) and S2, M2, N2, K l  and 
01 (lower panel). 

to contamination by sidelobe reflections, as discussed earlier. The tidal ellipses are 
minimal at 59-51 m and then increase with decreasing depth, reaching the same 
size as in the deeper ocean at 35-27 m. As discussed earlier, there is some evidence 
from scattering geometry that contamination due to sidelobe reflections becomes 
less important on approaching the sea surface. Time series at the uppermost level of 
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19 m contain some spikes and the respective ellipse has to be regarded with caution. 

Figures 6b and 6c show the vertical dependence of M2 tidal ellipses as observed at 
the beginning and end of the half-year moorings of 1991/92, which was carried out 
with a lower vertical resolution. The time series investigated correspond to those of 
Fig. 4 (middle and right panels). The lengths and the fitted tides are the same as in 
Fig. 6a. Figure. 6b shows a strong variation of the M2 tide with depth. The upper 
four horizons may be contaminated by sidelobe reflections but the 72 m and 88 m 
horizons also indicate a decrease of tidal currents at lower depths. This behavioux 
is even more obvious in the following three partial time series (not shown here), but 
is not present for the last two. Figure 6c displays the vertical dependence of the M2 
tide for the last of 6 partial time series. 

Table 2 summarizes some results of the tidal analysis. Vertically averaged current 
velocities are investigated, where the averaging extends over all horizons not con- 
taminated by sidelobe reflections, i.e. below the dotted line in Fig. 4. The length 
of the time series are 810 h, one from the 1990 mooring and six from the 1991/92 
mooring. Start times of the series are indicated. Major (A) and minor (B) axes 
and orientation (a) of the M2 ellipse are presented. Positive B indicates clockwise 
rotation. In addition, the ratio of variance of the M2, S2, N2, K1 and 01 tide with 
respect to the' total variance are listed. The M2 tide contains some 60% of the total 
variance, while only the S2 tide contains more than 5% for all partial series. 

Considering the 1991/92 mooring, the M2 is relatively stable over the 6 partial time 
series, both in amplitude and in orientation. Thus, these values may be interpreted 
as the barotropic tide. The somewhat smaller tidal amplitudes of the last two par- 
tial series may be explained by the different depth dependence of the M2 and the 
fact that the averaging only extends over about 75% of the water column. Indeed, 
by averaging over all horizons available, i.e. including those which may be contami- 
nated by sidelobe reflections, the agreement of M2 parameters of the 6 partial series 
becomes even better, with the mean of both amplitudes AM2 and BMz decreasing 
by about 1 cm/s and their variance by more than 50%. In spite of the questionable 
accuracy of near-surface data, it may be stated that the vertically averaging ADCP 
allows a more reliable determination of the barotropic tide than is possible from 
conventional current meters. 

The same analysis as for Table 2 has been applied to near-surface currents (see Table 
3.  In order to avoid contamination from spikes and surface waves on the one hand, 
and contamination from sidelobe reflections on the other, the second uppermost 
horizon has been chosen, which is centred at 27 m for the 1990 mooring and at 24 m 
for the 1991/92 mooring. 

The variance ratio of the M2 tide with respect to the total variance is considerably 
smaller for near-surface currents than for those of the deeper ocean. Reasons for 
this finding are the higher natural variance, but also contaminations due to sidelobe 
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Figure 6a M2 tidal ellipses as function of depth (1990 mooring), time series 
of 810 h fitted by 5'2, M2, N2, K l  and 0 1 .  Hourly current velocities are 
represented by sticks, with north component upwards, and east component to 
the right. The phase refers to Julian day 90/196.00. 
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Figure 6b M2 tidal ellipses as function of depth (1991/92 mooring), first 
partial 810 h time series, fitted by SZ, M2, N2, K1 and 01. The phase refers 
to Julian day 91/229.00. For further explanation see Fig. 6a. 

reflections may be important. A surprisingly low ratio is found for the first 4 partial 
series of the 1991/92 mooring. 
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Table 2 M2 tidal ellipses and variances of M2, S2, N2, K1 and 0 1 ,  of 
vertically averaged currents1, from 810 h time 

Time AM2 BM2 a M 2  4 2  4 2  4 ~ 2  a i l  

90/196.00 23.7 7.8 33.8 0.66 0.09 0.02 0.02 0.01 

Below dashed line in Fig. 4. 
Starting a t  the Julian day indicated. 
A[cm/s] = major axis, B[cm/s] = minor axis, a[deg] = orientation and a2 = 
ratio of variance of indicated tidal component to total variance. 

Table 3 M2 tidal ellipses and variances of M2, S2, N2, K1 and 0 1  of 
near-surface c u ~ r e n t s ' ~ ~  

Time A M Z  B M Z  a M 2  2 ' 4 2  ' 4 2  ~ 6 1  

90/196.00 23.1 9.9 25.2 0.19 0.04 0.00 0.01 0.00 

91/229.00 13.5 0.1 36.4 0.05 0.01 0.03 0.01 0.01 
911262.75 12.4 0.0 39.3 0.05 0.02 0.00 0.02 0.00 
911296.50 14.6 1.4 38.1 0.07 0.01 0.00 0.00 0.01 
911330.25 13.1 1.4 47.4 0.07 0.02 0.01 0.01 0.01 
91/364.00 16.9 5.6 42.7 0.15 0.03 0.01 0.01 0.01 
92132.75 17.3 7.0 52.5 0.14 0.07 0.01 0.01 0.02 

Second uppermost horizon in Fig. 4. 
For further explanation see Table 2. 
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Frequency spectra 

Frequency analysis of two-dimensional current vectors may be carried out for both 
components separately in Cartesian coordinates. Another possibility is to decom- 
pose the vector time series into clockwise and anticlockwise rotating portions. This 
method yields more physical information, and has been applied for our analysis. 
Physical processes to be investigated are assumed to be random, including inertial 
motions. These motions occur as wave groups of limited duration with random 
phases. The corresponding spectrum extends over a finite frequency range, in con- 
trast to line spectra of deterministic tides. 

For computing rotational spectra, it is convenient to represent the two-dimensional 
current vector by a complex number, cf. (3.1). Variance spectra presented are com- 
puted via the finite discrete fourier transform, 

The negative values of k refer to negative frequencies describing vectors rotating 
anticlockwise, while positive k refer to positive frequencies and clockwise rotation. 
The rotational variance spectra are defined by 

where the indices A and C refer to anticlockwise and clockwise rotation, respectively. 
The angled brackets indicate spectral averaging, as may be performed in different 
ways and will be discussed later. Frequency scales are determined by the length 
of the time series and the sampling rate. The variance spectra are normalized to 
represent the total variance of the time series. Mean currents (k  = 0) are not 
considered in this analysis. 

For analysing random time series, a compromise has to be found between the re- 
quired frequency resolution and statistical confidence. The inertial frequency at the 
latitude of the two moorings (about 64"501N) is 

which is quite close to the dominating sernidiurnal tide M2 of 12.42 h. The difference 
in these periods corresponds to the frequency resolution of a time series of 210 h 
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duration. In addition, the tidal analysis shows some evidence for variance being 
present at N2 with a 12.7 h period, making the detection of inertial motions even 
more complicated. 

For obtaining reasonable statistical confidence, some averaging in frequency space 
has to be performed, which reduces the spectral resolution. The time series as inves- 
tigated in the previous sections are of 810 h duration and taken at different depths. 
For analysing currents at a single depth horizon, the respective time series are seg- 
mented into 9 parts with 50% overlap and multiplied by a Hanning window. The 
partial time series are of 162 h length and about 13 times the period of the domi- 
nating M2 tide. The variance spectra are obtained by adding up the spectra of the 
partial time series. These procedures are equivalent to a certain weighted average 
in frequency space, yielding about 16 degrees of freedom (Nuttall, 1971). The corre- 
sponding confidence limits are taken from Jenkins and Watts (1969) and are in good 
agreement with the spectral variability as obtained from normal-distributed white 
noise, averaged as described. The half-year mooring of 1991/92 allows for a higher 
statistical confidence by considering more than one successive 810 h time series. 

Figures 7a and 7b display rotational variance spectra of the 1990 mooring at the 
lowest level of 427 m and the second uppermost level of 27 m. Two options are 
investigated, time series containing tides (upper panels) and those from which the 
tides S2, M2, N2, K 1  and 0 1  have been removed. As result of the discussion in 
Sect. 3, the removal is applied to time series of 810 h length which is about the 
total length for this mooring. The vertical dashed lines indicate the periods of 24 h, 
the inertial motion f and the semidiurnal tide M2 (from left to right). Spectra 
containing tides (i.e. upper panels) show the dominant contribution of M2. Tidal 
ellipses, as shown in Sect. 3 can be represented by two vectors of different amplitudes 
rotating in opposite directions and causing contributions to both spectra SAk and 
SCL.  Clockwise rotating currents contain higher variance at the diurnal period as 
compared to anticlockwise rotating currents. 

Considering the 427 m horizon (Fig. 7a), tidal removal eliminates all semidiurnal 
variance remaining for anticlockwise rotating currents, but there is considerable 
variance left for clockwise rotating currents. This behaviour indicates the presence of 
inertial motions, but is also consistent with contributions from semidiurnal internal 
tides, which, due to the small difference in semidiurnal and inertial period, rotate 
nearly circularly in the area considered. The broad spectrum around the inertial 
frequency may be explained by relatively short events of inertial oscillation. Another 
finding is that the high-frequency tail of the spectrum is about white in the case of 
anticlockwise rotating currents but shows an approximate ~ - ' . ~ - d e c a ~  for clockwise 
rotating currents. The spectra from the 27 m horizon (Fig. 7b) contain considerably 
more variance at all frequencies, except tidal, than those in the deeper ocean. 

Figures 8a and 8b display spectra from the 1991/92 mooring. In order to obtain 
lugher statistical confidence, spectra of three successive 810 h time series are added, 
covering the period from Julian day 911229 to 911330. These spectra are again from 
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'Figure 7a Rotational variance spectra (1990 mooring, 427 m) ,  of anticlockwise 
(A)  and clockwise rotating (C) currents. Dimension of frequency is [h-'1 and of 
spectral density [ ( r n ~ - l ) ~  h].  The upper panel refers to 810 h time series containing 
tides, the lower to time series with tides S2, M2, N2, Kl and 01 removed. Dashed 
vertical lines represent 24 h, inertial, and M2 periods. 
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the deepest 376 m horizon (Fig. 8a) and the second uppermost at 24 m (Fig. 8b). 
Figures 9a and 9b contain average spectra of the period from Julian day 911330 
to 92/66. The general features, as discussed for the 1990 spectra (Figs. 7a,7b) are 
the same also for both parts of the longer-term 1991/92 mooring. Also the high- 
frequency tail of anticlockwise rotating currents is nearly white, while it decays by 
about vP2 for clockwise rotating currents, i.e. somewhat stronger than for the 1990 
mooring. 

Near-surface currents as represented by the spectra of Figs. 7-9 show different fre- 
quency dependencies at the high frequency tail for anticlockwise (N v-' .~) and 
clockwise rotating currents (.v v - ~ . ~ ) .  About the same behaviour is found for all 
mooring periods investigated. 

For considerably increasing the spectral resolution, fourier transforms have to be 
taken from longer partial time series, e.g. from the 810 h series. The loss of statistical 
confidence may partly be compensated by averaging spectra from different depths. 
As for the determination of the barotropic tide, all depth horizons are used, which 
are not contaminated by sidelobe reflections, i.e. are below the dashed line in Fig. 4. 
Again, the time series are weighted by a Hanning window. As currents at different 
depths are not statistically independent (Sect. 5), the estimation of confidence limits 
becomes difficult and is not attempted. 

Figure 10a-10c display vertically averaged variance spectra with a stretched section 
of the frequency axis. The spectra refer to the 1990 (810 h) and the first and second 
part of the 1991/92 mooring ( 3  x 810 h, each). Again, all spectra show very similar 
features. After tide removal, significant variance remains in a broad frequency band 
around the inertial frequency only for clockwise rotating currents. This energy may 
be due to inertial motions but also to semidiurnal internal tides. A separation of 
both processes is not possible. 
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Figure 8a Rotational variance spectra (1 991/92 mooring, 376 m), avemge spectm 
of the first 3 partial 810 h time series. For further explanation see Fig. 7a. 
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Figure 8b Rotational variance spectra (1991/92 mooring, 24 m), average spectra 
of the first 3 partial 810 h time series. For further ezplanation see Fig. 7a. 
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Figure 9a Rotational variance spectra (1  991/92 mooring, 376 m),  average spectra 
of the last 3 partial 810 h lime series. For further explanation see Fig. 7a. 
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Figure 9b Rotational variance spectra (1991/92 mooring, 24 m) ,  average spectra 
of the last 3 partial 810 h time series. For further ezplanation see Fig. 7a. 
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Figure 10c Vertically averaged rotational spectra (1991/92 mooring), over depth 
horizons not contimated by sidelobe reflections, average spectra of the last 3 partial 
810 h time series. For further ezplanation see Fig. 10a. 
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5 
Vertical coherence 

Considering two complex time series w, and wb, measured at different depths, the 
complex coherence spectrum is defmed by 

where c,k and cbk are the fourier coefficients of the two time series as defined by 
(4.1). As for the variance spectra, the coherence spectrum is divided into two parts 
representing currents rotating anticlockwise (A) and clockwise (C): 

Both spectra are complex and are usually represented by their magnitude and phase. 
By definition, the magnitude is 5 1. We are mainly interested in the magnitude of 
coherence, which describes the linear dependence of the single fourier components. 
Again, the angled brackets in (5.1) denote spectral averaging. As the results are 
very similar from the different mooring periods, we only present coherence spectra 
from the first part of the 1991/92 mooring. Time series of 810 h length are analysed 
and used to remove tides. The coherence spectra are computed from 9 overlapping 
partial time series of 162 h duration, weighted by a Hanning window. Finally, the 
spectra of three successive 810 h series are averaged; the processing is analogous to 
that used for the variance spectra of Figs. 8a and 8b. 

Instead of presenting confidence limits for the magnitude of the coherence spectrum, 
their significance is tested against the null hypothesis. Following Carter e l  al. (1973), 
95% of estimated magnitudes of coherence will be less than about 0.45 in the case of 
real coherence being zero and estimated from 15 non-overlapping, Hanning weighted 
parts of the time series (5 from each 810 h series). Overlap as used may result in some 
approvement. Indeed, tests with random white noise show that 0.4 is a reasonable 
95%-limit of zero coherence. 

Figures l l a  and l l b  display the magnitude (solid line with dots) and phase (dashed 
line) of the coherence spectrum for anticlockwise and clockwise rotating currents. 
Current velocities are taken from adjacent depth horizons, close to the bottom 
(Fig. l l a )  and to the surface (Fig. l lb ) .  The upper panels refer to currents con- 
taining tides, the lower panels to currents with the tides 52, M2, N2, K1 and 01 
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removed. Periods of 24 h, inertial motion, and M2 tide are marked on the frequency 
axis. 

Figure l l a  shows nearly perfect coherence at periods longer than diurnal and around 
the semidiurnal period (upper panel). In between a significant decrease of coherence 
is visible. For semidiurnal periods, removing the tides does mainly affect anticlock- 
wise currents, while coherence remains high for clockwise rotating currents (lower 
panel). Again this is an indication of inertial motions or internal tides being of influ- 
ence. Anticlockwise rotating currents show lower coherence at the short-frequency 
tail of the spectrum as compared to clockwise rotating currents. This is in agreement 
with the approximate white-noise tail of the respective variance spectra (Fig. 8a), 
indicating that no short-period currents are present and the respective variance is 
due to noise. 

In Fig. l l b  the same data processing is applied to adjacent near-surface horizons. 
The results are very similar to those of Fig. l l a ,  with even higher coherence at 
the high-frequency tail of the spectra. The overall high coherence is surprising 
as currents at the 8 m level contain orbital motions of surface waves and current 
measurements at both horizons may be contaminated by sidelobe reflections. The 
coherence of currents from adjacent depth horizons is similar to those of Figs. l l a  
and l l b  over all the water column, except for cases containing the 40 m or 56 m 
depth horizons, which show considerably less coherence. Obviously, this is due 
to contamination by sidelobe reflections, which becomes less important nearer the 
surface, i.e. at the horizons investigated in Fig. l l b .  

Figure 12a displays the coherence of currents at the deepest horizon (376 m) recorded 
and the uppermost not contaminated by sidelobe reflections (72 m). Very high co- 
herence only occurs for the anticlockwise rotating semidiurnal tide, which is totally 
suppressed after tides have been removed. For clockwise rotating currents the semid- 
iurnal coherence is considerably less and cannot be suppressed by removing tides. 
This may be explained by the interference of inertial motions. Except for very low 
frequencies, there is no significant coherence for anticlockwise currents and very lit- 
tle for clockwise rotating currents. Figure 12b, displaying the coherence of current 
at 72 m and 24 m depths, shows significant coherence only for semidiurnal periods. 
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Figure lla Rotational coherence spectra (mooring 1991/92), from currents 
at adjacent bottom-close horizons: 360 m us 376 m. Spectra are averages over 
the first 3 partial 810 h time series, representing anticlockwise (A )  and clockwise 
rotating (C) currents. Solid lines diaplay the magnitude of coherence, dashed lines 
the phase. The upper panel refers to 810 h time series containing tides, the lower 
to time series with tides S2, M2, N2, K1 and 0 1  removed. Marks on the frequency 
axis represent 24 h, inertial, and M2 periods. 
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Figure llb Rotational coherence spectra (mooring 1991/92), from currents 
at adjacent surface-close horizons: 8 m us 24 m .  For further ezplanation see 
Fig. l l a .  
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Figure 12a Rotational coherence spectra (mooring 1991/92), from currents at 
distant horizons: 72 m us 376 m .  For further ezplanation see Fig. 11 a.  
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Figure 12b Rotational coherence spectra (mooring 1991/92), from currents at 
distant horizons: 24 m vs 72 m .  For further explanation see Fig. l l a .  
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Vertical em pirical orthogonal 
eigenfunctions (EOF) 

The method of decomposing the measured vector time series of current velocities into 
vertical empirical orthogonal eigenfunctions (EOFs) is applied. For this purpose, the 
two-dimensional current vectors are described by complex numbers as before (3.1). 
Considering M depth horizons, a M x M covariance matrix may be estimated by 
averaging over N time samples: 

where w are zero-mean current velocities, the indices 1, k = 1,. . . , M counting the 
depth horizons and n the time samples. The EOFs are eigenvectors of the eigenvalue 
problem 

where m = 1, .  . . , M are the mode numbers, eim) are mutually orthogonal (complex) 
eigenfunctions. x ( ~ )  are the eigenvalues, which are real because the covariance 
matrix is Hermitian. The measured time series may be decomposed into EOFs by 

- - 

with aim) = wlnc~m).  

The eigenvalues represent the amount of variance as explained by the respective 
mode. Normally, a small number of modes contains most of the variance and sum- 
mation over m in (6.3) may be restricted to values considerably smaller than M. 
The eigenfunctions contain an arbitrary complex factor. 

EOFs are computed from 810 h time series including tides or with the tides S2, 
M2, N2, K 1  and 01 removed. Only depth horizons are considered which are not 
contaminated by sidelobe reflections. Figures 13a and 13b display the first 3 EOFs 
as derived from the first and last of 6 partial time series of the 1991/92 mooring. The 
starting times are indicated in terms of Julian day. It should be noted that the real 
and imaginary part of the eigenfunctions do not relate to current components, as 
the EOFs may be arbitrarily rotated by means of the complex normalisation factor. 
The percentage variance described by the respective EOF is indicated. 
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EOFs are difficult to interpret as they perform an arbitrary decomposition of the 
current field which might not relate to oceanic modes. An important shortcoming 
of our analysis is that the data from the uppermost 15% of the water column cannot 
be used for the analysis, as they may be contaminated by sidelobe reflections. 

Figures 13a and 13b show similar features, to the EOFs from the time series in- 
between and from the 1990 mooring (not shown here). If tides are present (upper 
panels), the first EOF contains more than 80% of the variance. There is some vari- 
ability with depth, which is also present in the M2 tidal ellipses (Fig. 6b and 6c). 
Removing tides (lower panel), the first EOF loses a considerable percentage of vari- 
ance and also the depth dependence is modified, but differently for the two time 
periods analysed. The second and third EOFs are, except of course for the percent- 
age variance, not affected by the removal of tides. These EOFs contain more than 
10% of the variance for currents including tides and around 30% after removing the 
tides S2, M2, N2, K1 and 01. 
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Figure 13a First 3 vertical EOFs (1991/92 mooring), from first of 6 partial 810 h time 
series. Currents from below the critical depth for sidelobe contamination (dashed line) 
are considered only. EOFs are arbitrarily normalised with equal real (open circle) and 
imaginary part (filled circle) at the uppermost horizon. Upper panel refers to time series 
containing tides, lower panel to time series with tides S2, M2, N2, K1 and 0 1  removed. 
The percentage variance of the single EOFs is indicated. 

Report no. changed (Mar 2006): SM-265-UU



1. eof 2. eof 

+l--hl- 
-1 0 1 

3. eof 

Figure 13b First 3 vertical EOFs (1991/92 mooring), from last of 6 partial 810 h time 
series. For further ezplanaiion see Fig. 13a. 
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Correlation of current and wind 

Wind data for the period of the half-year mooring of 1991/92 are available from 
the assimilated wind archive of the UK Meteorological Office, which is produced 
as part of a global data analysis scheme. The analysis is based on a numerical 
prediction model using primitive equations. It is on a latitude-longitude grid and 
has 20 vertical levels. Data assimilation is achieved by the repeated insertion of 
observational increments. Winds are determined at hourly intervals on a grid with 
a resolution of 0.833' in latitude and 1.25' in longitude. For the purposes of our 
analysis, winds are taken from the lowest level of the atmospheric model, being 
roughly 25 m above sea level. By interpolating to the position of the ADCP, a time 
series with 6 h sampling has been constructed from these data. 

In order to suppress tidal and inertial portions the current time series have been 
filtered with a running mean of 13 h duration and sampled on the same time grid 
as the winds. It should be mentioned that this temporal filter is different from 
that applied to the wind data by the numerical model. As for the analysis in the 
preceeding sections the total time series is sectioned into 6 parts. The first part 
is displayed in Fig. 14 comparing winds and currents at the 24 m horizon. Both 
components of the horizontal velocity vectors and the corresponding stick plot are 
presented. 

The dependence of current on wind is investigated by means of complex correlation 
analysis. The complex correlation coefficient is defined by 

where w, and ww are the zero-mean time series of current and wind, respectively, 
and u2 = En 1wn12 are the total variances. p is a measure of the linear dependence 
of the two time series involved, 29 describes the mean veering of the current vector 
against the wind vector (counting clockwise) and will be discussed later. 

Complex correlation coefficients are estimated from the 6 partial time series of the 
1991/92 mooring. These series of 810 h duration contain 135 samples. Because 
of the running mean applied to the current time series, only half of the data can 
assumed to be statistically independent. In the case of a real correlation coefficient, 
this would yield the 95% confidence level for zero correlation at p = 0.25. Complex 
and real correlation coefficient differ by definition and also the confidence levels may 
deviate. As no literature on the statistics of the complex correlation coefficient could 
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Figure 14 Comparison of winds and surface currents, from first of 6 
partial 810 h time series at 24 m depth. Winds are from the wind archive 
of the UK Meteorological Ofice,  currents are filtered b y  a 13 h running 
mean. East and north component are displayed, and a stick plot with north 
component upwards, and east component to the right. 

be found, tests with random data have been carried out, confirming the confidence 
level as given. 
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Table 4 Vector correlation between wind and current at 
different depths, from 810 h time series (starting at the Julian 
day indicated); the indices refer to the depth horizon of the 
current 

Time P24m 7 2 4 m  0 2 4 m  p7zm p 3 ' 7 ~ ~  

p = absolute value of complex correlation coefficient (7.1). ' y = ratio of current-to-wind speed (7.2). 
8[deg] = veering of current against wind (7.2). 

Table 4 presents absolute values of the complex correlation coefficients for the six 
partial time series and currents at different depths, near-surface currents (24 m), the 
uppermost level of measurements not contaminated by sidelobe reflections (72 m) 
and the deepest level (376 m). Only the surface currents are significantly correlated 
with wind. 

For further investigating the dependence of current on wind, we introduce a complex 
regression coefficient 

where y is the mean ratio of current speed to wind speed and 29 the same as in 
(7.1). These values only make sense in the case of significant correlation, and are 
presented in Table 4 for near-surface currents only. y yields current speeds between 
1.3% and 2.5% of the wind speed which is quite reasonable. The veering 29 of the 
current vector against the wind vector is only a few degrees and to the right. The 
value of veering is smaller than predicted by Ekman's theory but the direction is in 
accordance with it. 

p2 is an estimate of the percentage variance of the current field linearly forced by 
wind. This is between 18% and 42% for the current at 24 m depth. These values 
are also quite reasonable. Wind-forcing cannot be considered to be linear and some 
more variance may be due to wind. In addition, mesoscale processes like eddies are 
of great importance in the highly variable area around the mooring. 

For several reasons the high correlation found is surprising. Wind data are not real 
but from an analysis scheme, current data of the ADCP are from a depth horizon 
where measurements may be contaminated by sidelobe reflections and temporal 
smoothing is performed in different ways for wind and current. The significant 
correlation, found for all partial time series, thus confirms the assumption that 
sidelobe reflections are of minor influence at depths just below the surface but also 
confirms the quality of the analysed wind data. 

Report no. changed (Mar 2006): SM-265-UU



Conclusions 

The bottom mounted ADCP is a powerful instrument. It measures horizontal cur- 
rent velocities as function of depth. An important advantage of the ADCP is its 
vertical coverage, which allows the determination of the barotropic portion of the 
current field. 

From the moorings in the Iceland-Faeroe area some features of the circulation could 
be determined. Parameters of the barotropic M2 tide have been estimated and 
found to be highly stable with time. The presence of inertial motions could be 
established by a broad spectrum around inertial period only for clockwise rotating 
currents. Except for tides, there is no coherence between currents at the surface and 
below about 6 0 m  depth. Only 3 vertical EOFs cover more than 95% of the current's 
variance, and even about 90% after detrending by tides. 

Though near-surface measurements may be contaminated by sidelobe reflections 
some evidence has been found that suggests the uppermost horizons are not that 
strongly affected. In general, current measurements from only few metres below the 
surface cannot easily be obtained. Thus, the ADCP data may help to explain some 
of the variability as found in other data like temperatures otained from ship surveys 
just below and satellite images at the sea surface. 
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