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NIOZ3: Independent Temperature Sensors Sampling
Yearlong Data at a Rate of 1 Hz

Hans van Haren, Martin Laan, Dirk-Jurjen Buijsman, Louis Gostiaux, Marck G. Smit, and Edwin Keijzer

Abstract—Some 110 independent sensors form the NIOZ3-ther-
mistor “string’ to study waves in the ocean interior sampling at a
rate of 1 Hz during at least one year. The string operates without
connecting cables between the newly designed sensors, which are
programmed and synchronized via induction. The accuracy of pre-
vious custom-made high-sampling rate thermistor strings is main-
tained, being better than 1 mK. This is demonstrated here using
data from three recent field trials, two above seamounts and one
in the ocean interior that occasionally show vigorous (nonlinear)
internal wave motions.

Index Terms—Deep-ocean temperature sensor, high precision,
inductive communication, minimal power consumption, observa-
tions of waves in ocean interior.

1. INTRODUCTION

O continue monitoring ocean interior temperature varia-
T tions, we have constructed a new temperature sensor that
can sample at a rate of 1 Hz during a period of 1.5 y with accu-
racy better than 1 mK. This instrument “NIOZ3” can be used as
an individual standalone sensor. Its internal clock is imprecise
by about 1 min/y. When two or more sensors are mounted on
a conductive cable they are synchronized to a single standard
clock via induction. In principle, an infinite amount of sensors
can thus be reached at arbitrary mutual distances tested up to
300 m away from the “synchronizer.” The same method of in-
duction is used to communicate with the sensors, of which cur-
rently 110 have been built. Here, we present the first sea trials
above seamounts and from the open ocean.

The instrumentation is built to specifically study waves and
large scale turbulent motions that may contribute to mixing and
redistribution of material in the ocean. Linear, freely propa-
gating “internal waves” have periods 1" larger than the buoy-
ancy period Ty = 27/N,N = (—gdlnp/dz)'/? the buoy-
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TABLE I
SPECIFICATION OF THE NIOZ HIGH-SAMPLING RATE
THERMISTOR STRING MODEL 3 (NIOZ3)

Range

Accuracy

Sensor response time (T)
Sampling frequency
Signal to noise ratio
Power supply

Battery life at 1 Hz
Battery capacity

Optical download rate
Number of sensors
Distance between sensors
Current max string length
Depth rating

Sensor dimensions

Material pressure housing

[-10, 50]°C, approximately
<1.0 mK

0.25s

adjustable: 0 —2 Hz

0.1 mK

1 Lithium C-cell battery

2 years

6 x 107 samples

6000 samples/s

variable

flexible

300 m (cascading is possible)
6000 m

L=175mm; @ =33 mm
Titanium grade V

ancy frequency, g the acceleration of gravity, d the total deriva-
tive, In the natural logarithm, z the vertical coordinate, and p
the density. Deeper than 100 m from the surface, typical values
are T' > T = 1000-3000 s. On the other hand, internal wave
periods are restricted by the rotation of the earth, as T < Ty =
2rc/f, f = 2 Qsin ¢ the vertical component of the earth rota-
tional vector €2 at latitude ¢, when N > f. At midlatitudes,
Ty = 50000-86 400 s (14-24 h).

However, linear, purely sinusoidal waves do not transport ma-
terial, but they can do so after steepening by becoming nonlinear,
eventually leading to breaking. The processes of nonlinearity and
breaking are induced following wave—wave and wave—current in-
teractions, e.g., of small scale waves of frequency V interacting
with vertical current shear setup by large scale waves of frequency
f- These processes are most dramatic above sloping topography
such as seamounts where they can dominate sediment resuspen-
sion and transport up the slope [1].

To monitor nonlinear waves and breaking one has to resolve
time scales down to 1 s and vertical scales O(1 m), much shorter
than the buoyancy scales. Previously, such short scales have
been resolved using accurate temperature sensors near the sur-
face, but mainly towed from a ship (e.g., [2]) or from a device
that floats freely for a period of a few days [3]. Near the bottom,
at great depths, few 1-mK accurate instruments have resolved
the above scales over short periods of a day [4] up to two weeks
[5]. The newly designed NIOZ3 is versatile and can be used at
slopes as well as in the open ocean down to 6000 m.
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Fig. 1. Some specific NIOZ3 pictures. (a) Enlarged sensor tip (left) and one side of sensor electronics with Lithium C-cell battery (right). (b) Box with two cases
including 110 sensors and one synchronizer on top. In the large box, an inductive magnetic field can be generated, for communication and programming purposes.
(c) Nylon-coated 9.5-mm steel mooring cable with end connection electrically wired to synchronizer (syn), which is followed up the cable by two NIOZ3 sensors

(S1 and S2). Photo courtesy: B. Aggenbach.

II. TECHNICAL DETAILS

The core of the NIOZ3 temperature sensor is the embedding
of its thermistor in a Wien (bridge) oscillator, just like NIOZ1
sensors [6]. In comparison with NIOZ1, a higher frequency os-
cillator is used, 48 MHz, and only one thermistor per sensor is
used instead of two. The result is a fairly accurate sensor, esti-
mated to be better than 0.5 mK, of which the precise value ba-
sically depends on the calibration. Its resolution is much higher
(~0.04 mK, or ~4 x 107°°C). The main progress of NIOZ3
over NIOZ2 [5] and NIOZ1 is its much longer endurance of
about 1.5 y instead of 15 d while sampling at a rate of 1 Hz (see
Table I for details of NIOZ3). This progress is achieved together
with a few novel changes in the setup of the instrument.

NIOZ3 has no connecting cables between the sensors, which
are therefore standalone and independent (Fig. 1). The tita-
nium housing contains all electronics, the sensors’ program,
a 256-MB memory flashcard, and a single C-cell battery. It
can only be opened on one side. The cap is sealed with two
O-rings and holds the single glass-embedded thermistor that
is led through the cap via two small O-rings. All electronic
components are designed for minimum power consumption.
This includes the internal clock, which therefore is rather
inaccurate by about 1 s/week. An additional clock is installed
in a separate housing that can also house a pressure sensor.
This “synchronizer” is used for two main purposes.

First, it sends a synchronizing clock pulse through a con-
ducting cable or frame at user-installable time intervals of typi-
cally 5-10 h. In this way, all deviations of the separate clocks are

lined up to a single standard. Second, it interfaces the commu-
nication between a computer and sensors. Each sensor contains
two coils mounted perpendicular to each other so that they can
receive signals inductively from any transverse direction and
up to a distance of 0.3 m from the conducting cable. As a re-
sult, when mounted to a 0.009-m diameter nylon-coated steel
mooring line or put in a box near a magnetic field creator as
during the programming, the sensors can receive communica-
tion and synchronization signals. Inductive communication is
one-way and for the return-response, an light-emitting diode
(LED) is used behind the glass opening of the sensor tip. Par-
ticular sequences of LED flashings tell the user about correct or
false transmission codes and synchronization.

Shipborne conductivity temperature with depth (CTD) obser-
vations just before instrument deployment is used to calibrate
the sensors, besides establishing the large scale interior den-
sity stratification expressed in buoyancy frequency N and the
temperature-density anomaly relationship. This in situ calibra-
tion is required at approximately the same pressure level where
the sensors will be moored, but foremost a very fast (<3 h)
manner of obtaining a 1-mK relative accuracy. The well-cal-
ibrated and accurate Seabird-911 CTD temperature sensor is
used as a reference to find homogeneous layers that are nu-
merous in the ocean. Such layers alternating with thin stratified
layers are created in part by internal waves, our principal sub-
ject of the study. After this independent calibration of sensors,
aremaining constant due to a weak influence of pressure on the
thermistor is added during postprocessing via “autocalibration,”
an automated procedure. This procedure corrects for the irregu-
larities in the time-averaged temperature profile, which is sup-
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Fig. 2. First 25 semidiurnal lunar tidal (M>; 12.42 h) periods of depth-time series of temperature measured using NIOZ3 up to 50 mab (meters above the bottom)
near the top of Great Meteor Seamount. Temperature ranges from 12.3 °C to 14.1 °C.

posed to be smooth, to guarantee the 1-mK absolute! calibration
of the sensors. The same procedure corrects for any failures in
reception of the synchronization pulse.

III. FIELD TRIALS

A. Exercise 1: 19-d Deployment Above
Great Meteor Seamount

The sloping sides, having angles 6 to the vertical, of Great
Meteor Seamount (GMS), a 4000-m-high guyot in the Canary
Basin, North Atlantic Ocean, are generally much larger than the
critical slope « for internal tide gravity wave generation or re-
flection: |a| = sin™'[((0? — f2)/(N? — 62))*?] = 1.1° < 6
for 0 = M5 and N = 50 cycles per day (cpd), the typical strat-
ification locally near the mooring. This is still approximately
the case for the slope at 550 m near the top of GMS, where lo-
cally § ~ 3.9° + 0.1° as measured by tilt sensors in a current
meter and in an upward looking 300-kHz acoustic Doppler cur-
rent profiler (ADCP), both mounted on a bottom lander frame
in May—June 2006 (see Table II for mooring details). Attached

'We deliberately write “absolute calibration” to highlight the fact that the sen-
sors not only have a relative accuracy of 1 mK, with an undefined constant to
be added, but also record 1-mK temperature differences relative to each other.
Nevertheless, this “absolute calibration” is not to be understood in terms of ab-
solute temperature measurement with respect to the absolute zero.

TABLE II
MOORING DETAILS OF NIOZ3(N3)-DEPLOYMENT TRIALS.
THE “UNIT” mab DENOTES METERS ABOVE THE BOTTOM

Exercise # 1 2 3
Latitude 30° 00.052" N 00° 44.154'N 33°00.010' N
Longitude 028° 18.802" W 039°51.178 W 022° 04.841" W
Waterdepth 549 m 1150 m 5274 m
bottom slope ~ 4° 20° --

deployment  21-05-06 05-12-07 10-06-06
recovery 08-06-06 13-12-07 22-11-07

N3 sampling 1 Hz 1 Hz 1 Hz

N3 lowest 0.5 mab 0.6 mab 1522 m

N3 highest 50 mab 54 mab 1390 m

N3 #sensors 100 90 54

N3 distance  0.5m 0.6 m 2.5m

N3 synchro 18000 s 18000 s 18000 s

to the frame, 96 NIOZ3 were taped to a mooring cable at 0.5-m
mutual distances. Additionally, four sensors were mounted on
the frame at the same distance of 0.5 m between them. Tilt infor-
mation of a current meter above NIOZ3 showed that the string
did not move more than ~0.2 m vertically and 3 m horizontally,

despite current speeds up to 0.55 m s~ 1.
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Fig. 3. Details from the 12th panel of Fig. 2, with increasing zoom on the cold-front.

The dominant temperature variations show a semidiurnal
tidal periodicity in the bottom boundary layer (bbl) exceeding
50 mab (meters above the bottom), the range of the present
temperature measurements (Fig. 2). However, the semidiurnal
temperature variation is far from sinusoidal or linear wavelike.
The warming phase is longer and more gradual, while the
cooling phase commences abruptly. Furthermore, during none
of the 37 semidiurnal tidal periods in the record, the bbl behaved
the same in detail. These changes in detail are not associated
with the spring-neap change with time, but due to changes in
interior stratification and subinertial vorticity, thereby affecting
the internal wave field approaching sloping bottoms. Likewise,
the associated sediment resuspension as inferred from ADCP’s
echo intensity, or acoustic backscatter, is different for each of
the individual strongly nonlinear upslope motions.

Zooming in more detail, NIOZ3 reveals details of a front
(Fig. 3), similar in quality to that of NIOZ2 [5] but over much
larger time spans and with very few failing sensors. During this
first NIOZ3 trial, only three sensors failed and another eight
missed the first synchronization pulse (see the white short lines
on the left-hand side of the panel). Note that data in any panel are
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Fig. 4. Detail from the 17th panel of Fig. 2 showing turbulent “fingers” during
the warming phase of the tide. The scale is different from the one in Fig. 2.

unsmoothed, raw, and that only in the two most detailed panels
all data are represented by individual pixels. In the other panels,
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Fig. 5. Depth-time series of temperature measured up to 50 mab above the upper ridge of a seamount in the equatorial Ceard Basin. Window zoom increases from
1 d to 5 min and 37 s. Note the reduction in scale for the last, most detailed panel.

data points are skipped without interpolation as they are not re-
solved at 300 dpi in standard journal image size. The frontal
details reveal overturning, but also the instruments’ capability
of measuring the temperature accurately in this area as revealed
from the smallest structures that remain coherent over at least
a few sensors. Such smallest structures vary over time scales
0O(10 s), which is much faster than the buoyancy period Ty, even
when the latter is computed across thin (Az = 1 m), strongly
stratified layers Tn max = O(10% —10% s). Hence, these struc-
tures are not representing freely propagating internal waves. Re-
call that each sensor is operating completely independently.
The variation of observed details is also revealed during pas-
sages of other phases of the tide, e.g., during the downslope
propagating warming phase, when thin “finger” clouds are ad-
vected by the tidal flow (Fig. 4). These have a vertical extent of
typically 5-10 m and last 30-60 s, again much shorter than the
smallest buoyancy period. They reach very near the bottom and
they seem associated with rather vigorous shear and convective
processes, as they resemble sinking under atmospheric clouds.
Some develop as regular Kelvin—-Helmholtz-type instabilities.
More precise analysis will follow in the near future. As with the

large and most vigorous fronts of the upslope motion, the fin-
gers’ form and intensity vary greatly between the tidal periods.
This can be seen in a 180-s movie of two out of 19 days of the
record.?

This record shows that NIOZ3 can monitor rapid temperature
variations down to scales of 1 s and 0.5 m. As the temperature
variation in this area was rather high, a few degrees Celsius, its
full capacity of precise temperature measurements was yet to be
tested. This was done using a near-equatorial mooring described
below.

B. Exercise 2: 8-d Mooring With Very
Small Temperature Variations

In November 2007, we deployed 90 NIOZ3 sensors, 87 on
a mooring cable and three on a bottom-lander frame, at 0.6-m
mutual distances, in otherwise the same configuration as in
Section III-A, near the top of an equatorial seamount in Ceara
Basin to the north of Brazil (see Table II for mooring details).

2See: http://www.nioz-hst.com/spip.php?article3
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Fig. 6. Overview of 1.5 y of temperature data measured using NIOZ3 sensors
sampling at a rate of 1 Hz in the open Canary Basin.

The bottom lander was located at 1150 m, about 200 m below
the seamount’s summit. Unfortunately, the lander dropped off
its ridge to a steep bottom slope of # ~ 20° & 1°. As a result,
the ADCP was shut down most of the time as it operates beams
that are slanted at the same angle to the vertical coordinate as
the estimated mean slope. The current meters in the frame and
above NIOZ3 operated normally, showing speeds regularly ap-
proaching 0.25 m s~1, half the size of those near the top of GMS,
except once up to 0.42 m s7L.

During this deployment, only two NIOZ3 sensors failed and
none missed a synchronization pulse. The others showed (ir)reg-
ular bursts of moderately vigorous motions. In the Ceard Basin,
the main variation is not semidiurnal tidal, but merely fourth-di-
urnal, which also reaches very near the bottom [Fig. 5(a)]. Re-
call that the lowest sensor is attached to the frame at 0.6 mab.
A most striking difference with the GMS data is the reversal
of the temperatures with depth: upslope motions are associated
with warming. It is due to a local inverse temperature structure,
which must be compensated by salinity for stability. This has
been verified using shipborne CTD profiles at stations nearby,
which show a salinity increase with depth between 800 and
1300 m that is sufficiently large to compensate for the rela-
tively weak temperature inversion between these depths. Oth-
erwise, the asymmetric periodic motions are similar to those
observed above GMS. The main difference is the temperature
range, which is two orders of magnitude smaller in the Ceard
Basin.

Zooming in detail [Fig. 5(b) and (c)] and down to the instru-
ments full resolution [Fig. 5(d)] demonstrates an absolute ac-
curacy <1 mK. In the latter panel of largest detail, the scale
range of 0.02 °C ensures a different tone is used for every 1
mK. Clearly, these tones are well resolved in coherent struc-
tures of several meters in height lasting O(10 s). As in this case
the temperature is not the only contributor to density variations,
it must be considered as a tracer rather than being used for di-
apycnal turbulent diffusivity estimates. Nonetheless, this picture
does show the vigorous turbulent overturning associated with
bottom boundary layer processes, at least in a qualitative way.
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Fig. 7. High-pass filtered NIOZ3 data from sensor 1 (1390 m) in the Canary

Basin. The filter cut-off is at 0.4 Hz. (a) Time series of 100 days. (b) Detail

showing very low instrumental noise levels (note the different vertical scale
compared to (a)).
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Fig. 8. CTD-temperature profile obtained near NIOZ3 in the Canary Basin

during mooring recovery. (a) Upper 2000 m, with rectangle indicating the range
of NIOZ3. (b) Detail from rectangle in (a).

C. Final Exam: 18-Months Mooring in the Canary Basin

To learn more about open-ocean internal wave motions, their
variability on the longer “climatic” time scales and whether they
are as nonlinear as near-bottom motions, NIOZ3 sensors were
deployed for 1.5 y while sampling at a rate of 1 Hz. This ther-
mistor string consisted of 54 sensors at 2.5-m intervals and was
mounted directly below the top buoy of a 3800-m-long mooring
to the West of Madeira in the Canary Basin (CB) between May
2006 and November 2007 (see Table II for details). Pressure and
tilt sensor information showed < 1.5° tilt angle and excursions
across < 1.2 m in the vertical direction and <100 m in the hor-
izontal direction. Thus, mooring motion did not affect the tem-
perature observations.

The result of this first 1.5-y deployment of accurate NIOZ3
sensors running at 1 Hz is not so bad (Fig. 6). Initially, only
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Fig. 9. Depth-time series of temperature measured between 1390 and 1522 m for an arbitrary day in the Canary Basin, with increasing zoom to 53 minutes and

20 seconds.

one, from day 350 onwards two, sensor failed. Some 18 sen-
sors continued accurate sampling the entire period of 530 d.
The remaining sensors stopped, mainly in the second half of the
record, but this is all attributable to a known battery problem.
This problem is solved now.

The noise level in these data is occasionally extremely low,
down to about 50 pK, or 5 x 107°°C (Fig. 7). These values
confirm the instrumental noise level. The periods with higher
apparent noise level contain high-frequency natural turbulent
motions. A seasonal cycle seems to occur in these motions, but
during first analysis, we could not find coherence between these
motions and large scale energy sources, such as tides or atmo-
spheric disturbances. This requires further study.

From hydrographic CTD observations during the deployment
and previous cruises it was known that NIOZ3 could reach
through the lower part of Mediterranean outflow water, which
commonly propagates in large eddies (Meddies). Nevertheless,
the large temperature variations up to 5 °C difference across
this relatively small vertical range of 132.5 m are unexpected,
when considering a single CTD profile (Fig. 8). It is clear when
such a Meddy passes, e.g., between 400 and 450 days (Fig. 6).
In addition to this large scale structure are fine lines across

almost the entire range of sensors that represent smaller scale
eddies and groups of internal waves.

In more detail, the vertical coherence of motions is striking
(Fig. 9). On the larger internal wave scale, semidiurnal tidal mo-
tions are visible. But also much higher frequency motions up to
the buoyancy frequency show vertical coherency across 100 m,
to the first order. Weaker and stronger stratified layers move up
and down, more or less simultaneously. This layering is typical
for the open ocean [Fig. 8(b)]. Partially, these layers are due to
convective mixing processes, and partially they are due to in-
ternal wave straining, the dominant process yet being unknown.

Perhaps, due to the sensor separation >1 m, less detailed
internal wave breaking is observed. On the other hand, this is
open ocean and the motions are more representing quasi-linear
waves, compared to the areas above seamounts. Nevertheless,
interleaving layers are also displaced with the same regularity
as other, step-like stratification (Fig. 9). It shows that tempera-
ture can be used as a tracer to monitor internal wave motions,
even though salinity differences are dominating stability.3

3The rich variability of the ocean interior in permanent motion, with wave
heights of typically O(10 m), is best shown in video available at http://www.dai-
lymotion.com/relevance/search/internal%2Bwaves/video/x4coxi_3in131_tech.
See also http://www.nioz-hst.com/spip.php?article9

Authorized licensed use limited to: Hans van Haren. Downloaded on August 12, 2009 at 06:32 from IEEE Xplore. Restrictions apply.



322

IV. FUTURE DEVELOPMENTS

Although the NIOZ3 temperature sensor matches the require-
ments set, revealing oceanic internal wave motions to the de-
tail of large turbulent scales over periods longer than a year, it
still offers room for improvements. In the near future, we plan
NIOZ4, which includes:

— a smaller sensor, having a diameter of 0.023 m, about two-

thirds of the diameter of the NIOZ3-sensor and running on
a single AA-cell while sampling at 1 Hz for a year;

— sensor pressure independence, which should make calibra-
tion much easier and no longer necessary for each indi-
vidual deployment at different pressure levels;

— conductivity, for direct estimates of density anomalies;

— differential pressure sensor mounted on the synchronizer
for monitoring baroclinic (internal wave) pressure varia-
tions, an important dynamic variable but difficult to mea-
sure.
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