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Abstract. Combined vertical current (w) and thermis- the aspect ratio is usually O(18—10-3) and when itis Of)

tor string data demonstrate that high-, near-buoyancy fredike near N spatial scales tend to be small.

quency internal “wave” trains along a pycnocline in a flat- Thus, a common method for monitoring w is using more
bottom shelf sea consist for 2 periods of a dominant mode-Jeasily measurable temperature variations under the assump-
non-linear part, while thereafter mainly of linear [mode-2, tion of a reduced heat equation that is dominated by only two
quadrupled frequency] waves, to first order. In a simple [lin- terms (e.g., Krauss, 1966),

ear] heat budget the use of unfiltered temperature gradient or _
its time mean changes results by only 10%. The observationé’_T:_Wﬂ 1)

also demonstrate that temperature is not always adequate tat 9z’

estimate vertical motions using the linear 1-D heat equationyyhere the overbar denotes a time mean. Other advection,
In shallow seas, tidal-w estimated from temperature data capon-linear and diffusive terms are considered small and tem-
be an order of magnitude weaker than directly observed Wperature must be a conservative quantity. As in a stably strati-
and thus do not represent free internal waves. In the oceanied sea, in regions where salinity contributions are small, the
not too far from the main internal wave topography source,yertical derivative of slowly varying temperature is positive,
tidal motions represent linear waves and are well describegy and T describing free wave motions will always b

by temperature-inferred w. There however, temperaturegyt of phase following Eq.1), with w leading T. The use of

inferred w and directly observed w differ strongly near the gq, (1) to estimate w requires vertical profiles of temperature
buoyancy frequency, at which w is dominated by non-linearpesides sufficient temporal resolution.

waves, and near [sublinertial frequencies, at which wis dom-  Ajternatively, one could estimate w from vertically

inated by eddies and gyroscopic waves. densely spaced temperature sensor data after converting the
series T(z, t) to isotherm displacemen(d, t). However, as
mentioned by Pinkel (1981), over any prolonged period of
time isotherms will wander in- and out of a finite window
1 Introduction of observations, which makes the computation afnpos-
sible. Likewise, closed contoured overturning areas render
The recognition of the importance of internal wave breakingambiguous results, so that thewill be biased towards co-
for ocean mixing, with relevance for redistribution of sus- herent motions.
pended matter, justifies some detailed study of motions near Although the use of Eq.1) preferentially requires a full
the buoyancy frequency N. At this high-frequency limit of sequence of thermistor string data, which is not always avail-
the internal wave band, motions are considered nearly vertiable, the mean vertical temperature gradient may be esti-
cal, so that they can be studied by monitoring vertical cur-mated from a single CTD-profile using a suitable vertical
rents (w), see, e.g., Inall et al. (2000). This current compo-length-scale for smoothing. This has recently been used for
nent is not often measured in the ocean or shelf seas, becausgean data obtained not too far from the continental slope in
a comparison between w inferred from E&j énd w directly
measured by acoustic Doppler current profiler (ADCP) (van

Correspondence td:. van Haren Aken et al., 2007 and Fig. 1). In general, the agreement be-
BY (hansvh@nioz.nl) tween the two data sets is reasonably good. Some statistically
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Fig. 1. (a) Frequency spectra (in cycles per day) of w-data in the Bay of Biscay measureti4®' 4§ 5° 24' W (water depth H=1600m),

using 75 kHz ADCP at 1040 m (black) and compared with instrumental, measurement noise (blue) and w inferred from ADCP’s temperature
data at 1100 m using Eql) with CTD-data to estimate mean vertical gradient (red), partially after van Aken et al. (2007). The CTD-
estimated buoyancy frequency (N) range is indicated with a horizontal line; the horizontal component of the Coriolis force is indicated by
“f,” and discussed in Sect. 3.(b) Histogram of red, temperature inferred w-data in (a) Histogram of black, ADCP-observed w-data in

(). (d) 1-day detail of time series of w-data in (a—c) showing near-N oscillations.

significant discrepancies are found near N, in the continuunformer, as inferred using the redundant fourth beam provid-
near the low-frequency part of the internal wave band andng the “error velocity” (Fig. 1a). This is somewhat curious
near the inertial frequency f. The best agreement is found folas one would not expect dominant motions at scales smaller
the tidal harmonic peaks {and $ in the semidiurnal tidal  than the ADCP’s beam spread at sub-inertial frequencies.
band “D,” and for the continuum near frequencies15- Here, only data from four-beam ADCP will be used. Such
20 cpd, cycles per day, or just below N (Fig. 1). Histogramsinstrument can measure w reasonably well, despite the gen-
of differently estimated w show misfits (Fig. 1b, c), with a erally low oceanic aspect ratio, because: i) its beam angles
non-zero bias for ADCP-data. In the time domain, regularly are slanted at an anghe=2(° to the vertical thereby favour-
small-scale data show rather good comparison down to théng vertical over horizontal currents by a factor of 3, ii) its
fastest near-N motions (Fig. 1d). The larger discrepanciesaccurate tilt sensors and precise beam alignment allow cor-
that is weaker values for temperature-inferred wy af and rections for<1°-variations, iii) errors also due to current in-

o >N were attributed by van Aken et al. (2007) to ADCP- homogeneities across the horizontal beam spread are retained
noise. It is noted here that this noise is only partially instru- by considering the data from the redundant fourth beam.
mental white noise for the latter frequencies. It is even par-

tially non-white “noise” due to current inhomogeneity for the
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Table 1. RDI-broadband uplooking-ADCP mooring details. INP is
in the central North Sea, PROCS in the Faeroe-Shetland Channel.
INP summer PROCS spring

Data start 13/07/1994 19/04/1999

Data end 21/07/1994 01/05/1999

Latitude 54 25N 60° 49 N

Longitude 004 02 E 002 00 W

Water depth (m) 45 494 55

Vertical slant angled) 20° 20° =

Transmit frequency 600 kHz 600 kHz &

Transmission length 1.9m 1.2m §

Instrument depth 0.3ma.b. bottom 1.7ma.b. =

First bin 3.1ma.b. 3.8ma.b. - 50

# binsxbin size 90<0.5m 60x0.5m

Ensemble period 150s 30s

Std u, v 0.006 msl/ens  0.012msl/ens

Stdw, e 0.002msl/ens  0.004msl/ens

As: A
Wo=Wr+(A|xUr+Alyvp)tand) /4, (2) : ﬁ
where subscrips denotes “observed” and'real” and where 5 10

Al, indicates finite difference across the beam spread in x- Longitude (°E)

direction, likewise for the y-direction, the “error velocity”

reads: Fig. 2. Mooring locations ¢) in North Sea (INP), Faeroe-Shetland

Channel (PROCS) and Bay of Biscay (BBB).
€o=(AlxWr—AlyWr) /4—(Alxur—Alyvptan©) /4. 3)

Henceforth, dropping all subscripts, observed e will be Fig. 2 shows mooring locations and Table 1 lists moor-
used as error benchmark for observed w. ing details. In 1994, Aanderaa thermistor strings are used.

In this note the focus is on details of the above discrep-It is noted that although the manufacturer of these temper-
ancies with the aim to learn more about the importance ofature sensors claims an absolute accuracy of “only”®.1
non-linear internal waves and tidal (frontal) advection and to(Table 2), the relative accuracy of Aanderaa’s resistors is
Verify Whether the above discrepancies are due to the use df]uch bettel’, even below the resolution of d|g|t|zat|0n This
mean temperature gradient from CTD_prof”eS or other ne_expla.ins the ab|l|ty to measure Conﬁdently the weak strat-
glected terms in EqJj, as noted by Krauss (1966). For this ification at the top of the bottom “mixing” boundary layer
purpose, simultaneous ADCP and thermistor string data fronfSect. 3). In 1999, a NIOZ-designed high-resolution ther-
a shelf sea interior and a continental slope will be scrutinized Mistor string was used.
Hereby, the particular disadvantage of ADCP, the averaging The flat-bottom INP mooring site in the central North Sea
of all three Cartesian current components across hOI’iZOI’l(H:45 m water depth) is well within the region of seasonal,
tal distances O (10-100 m), because its beams are slanted gtedominantly thermal, stratification, and generally away
6=20 to the vertical, is considered as well. This limits the from large frontal zones. The 8 days observational period is
study to phenomena having horizontal scad€90 m. characterized by strong stratification mainly supporting large
near-inertial motions and shear, strong insolation except for
the first day and weak winds. Despite the [tidal] shear-
induced turbulent friction, the near-bottom layer is not ho-

Vertical motions are investigated using four-beam ADCP-Mogeneous but persistently shows a [minimum] stratification

- Chel op
and thermistor string data from a site in the central North SedC" Which the buoyancy frequency®6.10""s =, or ~4f. In

in summer 1994 (project INP) and from a site in the Faeroe—th's layer, larger stratification resulting in larger N are ob-

Shetland Channel “FSC” in spring 1999 (PROCS). At both ;erved during parFicuIar phasps of the tidal current with typ-
sites, the ADCP is mounted in a frame that is rigidly moored ical buoyancy periods § ranging between 1500 and 2500ss.

at the bottom showing no tilt variations with time. Similar values are found above the pycnocline. In the pycn-
ocline itself stronger stratification results in 360y <500 s.

2 Data
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Fig. 3. Summertime INP time serieqa) Vertical current observed using ADCP (colours) with hourly smoothed temperature contours,
observed using thermistor string, evefiClbetween 10-18C (black) and every 0°Z between 9.1-9°C (purple). The red graph indicates

surface elevation variation, observed using a pressure sensor at the bottom. The solid rectangle indicates the period of panel (b), the dashe
rectangle that of panel (cjb) Detail of (a) with high-frequency waves near mid-depth and only one purple contout@®.&c) Detail of

(a) with high-frequency waves near the bottom and only one purple contout@9.8lote different z,t scales compared to (b). In (a—b) the

brown band above about7 m represents bad (surface reflection side-band) ADCP-data.

Above a smoothly sloping side of the FSC a bottomlan-for a small peak at the inertial frequency “f” in the upper
der with ADCP and NIOZ-1 thermistor string was located half of the water column where the [vertical] length scales of
at H=494 m, which is an order of magnitude larger than inf are particularly small and shear is large (van Haren et al.,
the central North Sea. Data are discussed from a two-week999). This small peak still has var(e) 0.1 var(w), where
deployment sampled at a rate of once per 30 s. Main stratifithe w-peak is at the semidiurnal tidal frequency. As a result,
cation is around 300-500 m, well below mid-depth and with a heat balance can only be achieved via horizontal advection
Tn~1200-1800 s. This stratification occasionally moves up-or other terms. In contrast, at the depth of the lower, most
slope and passes the mooring as a vigorous bore (Hosestratified, pycnocline, the first two terms do have equal signs,
good and van Haren, 2004). Outside the main stratificatiorbut the magnitude of the vertical advection term is O(10)
Ty ~3500-7000s. times the local temperature time derivative (Fig. 4b). This

is also found in the upper pycnocline, where additionally
the phase difference between the two terms varies strongly

3 Observations of directly and indirectly measured w with time (Fig. 4a). As a result, at all three different lev-
els the tidal variations are dominantly governed by horizon-
3.1 North Sea tal [barotropic tidal] advection of fronts, confirming previous

results (Howarth, 1998). There is no phase-locking with the
surface tide, compare isotherm variations with the pressure
record in (Fig. 3a).

In the strongly stratified summertime central North Sea ver-
tical motions are generally weak O(1®ms™1) and have a
dominant semidiurnal tidal periodicity (Fig. 3a). However,
these tidal w-motions do not represent free internal waves. However, small-scale internal “waves” are different. In
This is evident in Fig. 4a—c, where only below the lower py- the overall picture (Fig. 3a), occasional very thin lines can
cnocline, in the near-bottom layer, the two terms in Bf. ( be observed in w, e.g., around mid-depth at days 194.8
have the same magnitude, but with opposing signs and phasérig. 3b) and 198.1, and near the bottom, e.g., at days 200.5
Here, w is measured by ADCP and T by thermistor string. (Fig. 3c) and 201.1. Focusing on the time interval with
In all panels|waT/dz|>>>|edT/dz| with typical variance ra- most pronounced w-amplitudes (Fig. 4d), the first two terms
tio of var(w)/var(e)=3-10. The spectra of e are flat, except of (1) have the same [order of] magnitude, as far as can
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Fig. 4. Comparison of the two terms of EdL)(using INP-data: w from ADCP and T from thermistor string. Heavy dashéd/at, thin
solid lines represent the right-hand side of EL), {n black—waT(t)/dz, in red—wdT/dz, in green—edT/dz. (a) Total time series, hourly
averaged data at11.5m.(b) As (a), but at-19.5m.(c) As (a), but at—31 m. (d) Raw, 5 min sampled T- and averaged w-data-22.5m
for the detailed period of Fig. 3b. Three important transitional periods are indicated (see text). Note the different scales.

be established because the 5-min sampled temperature dad#l spectra of temperature-inferred w and ADCP-w poorly
do alias the very high frequency motions (e.g., around daymatch for the North Sea data, especially near the semid-
194.82). However, the start of the time interval of substan-iurnal frequency (Fig. 5a). Despite the small amplitudes,
tial high-frequency motions (day 194.70) showg phase = ADCP’s w-estimate is significantly exceeding noise levels.
difference for motions that have a period of 1900s. It  Only for the small periods of Fig. 3b some comparison is
is noted that-e3T/dz, which is dominated by current inho- found between ADCP-w and temperature-inferred w, albeit
mogeneities over the beam spread, shows a reasonable canostly for small-scale N in the lower pycnocliney 420 s
respondence witldT/at. This evidences horizontal advec- (Fig. 5b). It is noted that the best spectral amplitude compar-
tion and diffusion or dominant quadratic and triple derivative ison for large-scale N is found between pycnocline tempera-
terms, as in the KdV-equation describing non-linear solitaryture variations and near-bottom ADCP w-estimate. ADCP’s
waves (e.g., Helfrich and Melville, 1986), prevailing over w in the pycnocline shows larger amplitudes. This suggests
free [linear] wave propagation. However, from a sudden tran-that the bottom boundary layer drives these linear pycnocline
sition at day 194.75 onwards the shorter scale motions havenotions, but that the enforcement of the pycnocline w(N)
periods of 1500 decreasing to 420s at 194.81 and the firspeak is highly non-linear and dominated by the first few pe-
two terms in () have the same sign and magnitude, as far agiods (see Fig. 4d). Also in the entire record mean spec-
can be inferred from the shortest period waves that are undetrum (Fig. 5a) lower-pycnocline temperature-inferred w cor-
sampled by the thermistor string. Thej@<<|w| and errors  respond best with the level of near-bottom ADCP-w, but only
inw are small. As aresult, these latter motions describe mordor o >5 cpdr4fy,, f,=2Qcosp the horizontal component of
or less linear wave propagation for which Etj ¢an be used the Earth rotational vect®® at latitudeyp. This suggests lin-
to estimate w from temperature data. Data were too noisy tear waves between N and this cut-off and non-linear motions
properly evaluate Eqlj for the period in Fig. 3c. for lower frequencies including tidal, inertial and sub-inertial
The above examples of Eql)(not well describing di- frequencies.
rectly observed w are confirmed in the spectral domain
(Fig. 5). In contrast with open ocean data (Fig. 1), the over-
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Table 2. Thermistor string mooring details. AA=Aanderaa, NIOZ=Netherlands Institue for Sea Research design (van Haren et al., 2001).
The modified AA-thermistor string has standard sensors that are connected to aluminium plates cut in the rubber tube that holds the entire
string and strength member. This decreases the response time.

INP summer # sensors  depths samp.int-resp  resolution accuracy
AAstandard “upp” 10 3-21m 600s 60s 0@ 0.1°C
AAmodified “mid” 11 21-31m 300s 10s 0.0 0.°C
AAstandard “low” 11 23-43m 1800s 60s o2 0.1°C
PROCS spring
NIOZ-1 32 461-492m 30s 0.25s BK <0.5mK
W D, 5 N 02 3.2 Faeroe-Shetland Channel
I ! (a)

I Similar vertically striped, generally mode-1, w-motions are
| observed albeit in irregularly occurring groups in the FSC
L and associated with non-linear wave trains moving up the
slope (Hosegood and van Haren, 2004). In the FSC, vertical
: currents associated with high-frequency motions are larger
(b) : ] (by a factor of 3—4) than in the central North Sea, commensu-
: rate with the equally weaker stratification that supports them.
As a result, one could “conclude” that|~N~1, rather than
] ~N~1/2 which is more common for horizontal currents.
Despite the very accurate thermistor string (Table 2 for its
: characteristics) the vigorous motions cause substantial turbu-
lent overturning, i.e. by definition not linear waves. This ex-
plains the difficulty in evaluating Eqlj using these data and
spikes are regularly large, especially in temperature-inferred
w (Fig. 6d).
10 & (cp) 10 However, the frontal upward w-jet, exceeding 0.1Th,s
P is detected by both inferred and direct measurements, which
Fig. 5. W-spectra from summertime INP ADCP-data-a22.5m is surprising when compared with the first “wave” period of
(red) and—39.5m (black), in comparison with w at22.5m in-  small-scale North Sea motions (Fig. 4d). The small phase
ferred from temperature data using Ef) (blue). (a) For entire  lag of 30—60s between the differently observed jet in the
8-days period(b) For period of Fig. 3b between days 194.70 and FSC (Fig. 6d) is attributable to the ADCP’s beam spread in
194.85. The dashed line indicates the buoyancy frequency correcombination with thermistor string motions due to current
sponding to a period of 1600 s-bottom boundary layer) and the - 4ya4. Only then, non-negligible e is found (Fig. 6¢). Regular
dotted line indicates a period of 420 s (lower pycnocline). large-scale, indeed 1500 s~Ty period, and occasionally
very high frequency motions, are adequately described by
Estimates of turbulent diffusion indicate values of about Eq. (1). The best comparison with ADCP’s w is obtained us-
K=6-10"*m?s~* across the pycnocline during the passageing T(t)/az rather than its time mean, which implies that
of the high-frequency [non-]Jlinear wave, which gives values 3 non-linear term is needed to dampen some of the high-
of 3-410° m?s~* integrated over a tidal period (van Haren frequency spiking, but in the vertical direction only. Unfor-
etal., 1999). This overall value is sufficient for nutrient trans- tunately, the data do not allow the evaluation of horizontal
port generating the summer phytoplankton bloom, and thes@on-linear terms, responsible for the (turbulent) spikes dur-
occasional near-N waves also govern the slow heating of thghg other periods. The local turbulent diffusivity is large,
near-bottom layer during spring and autumn. ComparabI%NO(l(yl m2s~1) (Hosegood and van Haren, 2004), but
K-values are observed on the Malin Shelf and attributed toihe passage is so rapid that the value integrated over a tidal

non-linear high-frequency waves (Inall et al., 2000). period is similar to the one above that was estimated for the
For all of the above evaluations of Eq)&10% improve-  North Sea.

ment is obtained using instead 8T (t)/dz its time mean
(Fig. 4). However, the influence of the time dependence
is larger in a region where strongly turbulent non-linear
“waves” or bores prevail, like above a FSC-slope.
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Fig. 6. W-test for frontal solibore in 5-h detail in FSC-daf@) High-resolution temperature measured using NIOZ-1. Values between [2,
8]°C (blue-red).(b) Corresponding ADCP’s w-data. Values truncated betwedh(3, 0031 m 51 (blue—red).(c) Like (b) but for e-data.

(d) W at 477 m from ADCP (black) and inferred from temperature data usingZt@nd unsmoothed local vertical temperature gradient
(blue), and time mean temperature gradient (red).

4 Discussion in the North Sea, because the ADCP’s w-data exceed noise

level, as determined using e, and temperature-inferred w at
It has been shown that direct w-observations describe reffeduencies between tidal harmonics, e.g. between semidiur-
alistic ocean phenomena that have horizontal length scale®@l and fourth-diurnal bands in Fig. 1.

larger than an ADCP's beam spread, being 10m here. The The |ack of dominant linear high-frequency waves may ex-
present data do not [directly] represent free convection, bupain the quarter-wave period discrepancy between T and w
rather [non-Jlinear internal waves or frontal advection (cf., gpservations found by Hallock and Field (2005). It certainly
Fig. 4). A strong association between the motions’ peri-explains East China Sea observations by Lee et al. (2006),
odicity and depth of maximum amplitude with stratifica- \who found 3 large “waves” of depression before a group of
tion favours an explanation in terms of internal waves, €.9.apout 10 higher frequency waves, just like in Fig. 3b. As
(Fig. 3b). This has been confirmed using Ef), but itis  for the North Sea observations presented here, the sudden
found that this standard method to compute w from T-datachange in phase difference between time derivative and ver-
does not work in a tidal advection area like the North Seaijcg| advection terms in EqJ] after the first two wave pe-
or in an area where non-linear motions prevail over linearrjogs pears some resemblance with laboratory experiments
[high-frequency] waves. on the generation of mode-2 internal waves following an
The observation thaiT(t)/az is better used than its time intrusion in a linearly stratified fluid (Amen and Maxwor-
mean in turbulent near-bottom areas and that non-linear neathy, 1980). Although no w-observations were presented by
N motions dominate the internal “wave” spectrum near itsthese authors, the gravitational collapse of a mixed region
upper bound in the ocean interior may also explain the dis-generated two mode-2 solitary waves followed by a train
crepancy in w-spectra from the Bay of Biscay (Fig. 1). Pre-of constant amplitude mode-1 waves of approximately dou-
sumably, weakly non-linear waves likewise dominate thebled frequency. When sufficiently strong, mode-2 waves
ocean continuum as well, possibly as interfacial waves likecan appear as closed contour “waves”, with importance for

WWWw.ocean-sci.net/4/215/2008/ Ocean Sci., 4, 272-2008
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